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19 ABSTRACT Continus on mverse i/ necrssary ana idannlfy 5y biocs aumoer, WE NAVE developed lechniques for recording stable unit

activity from individual monkey locus coeruleus (LC) neurons using microwire electrodes (25 um
diameter). A combination of improved electrode design, new microadvancer and methods to accurately
localize the LC nucleus now permits stable recordings of high signal/noise (better than 3/1) from single -
neurons in LC for several hours in the waking monkey performing a vigilance task. ' .

We have found that LC neurons vary activity phasically and tonically during vigilance performance.
Phasic responses are selectively evoked by target cues, and follow new targets during acquisition of reversal
in this task. Tonically, LC neurons vary activity levels in accordance with atientiveness to the-trsk;as«. -
‘measured by the frequency of foveating a fix spot required to initiate each trial. _ SRR A

Results indicate that the LC functions to regulate the lability of attention. In this view, performance on |
a task requiring focused attention varies with tonic LC activity in an inverted U relationship. Too little LC -
activity is associated with poor performince due to non-alertness, while high tonic LC activity corresponds
to highly labile attention that prevents focusing attentjon for long time epochs.. Together, these results -
indicate that optimal vigilance performance (e.g., radar monitoring activity) may require an intermediate
level of LC activity and high phasic responsiveness of LC neurons. L ’
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FINAL TECHNICAL REPORT
AWARD: Grant AFOSR 90-0147
PRINCIPAL INVESTIGATOR: Gary Aston-Jones, Ph.D.
PERIOD COVERED: Dec 15. 1989 through Dec 14. 1992

OBJECTIVES:

(Previous Statement of Work). Our work supported by AFOSR has initiated the study of cellular
mechanisms underlying vigilance and selective behavioral responsivity in primates. We have
established a behaving primate preparation for recording discharge of locus coeruleus (LC)
neurons in brain during performance of a vigilance task that resembles those used in human
psychophysical studies. In the present application we propose to continue and extend these
studies. (1) We wiil record monkey LC unit activity during a vigilance task modified to allow a
wide range of stimulus presentation and difficulty. Also, eye position and pupillary diameter
will be continuously monitored throughout recordings to ascertain (a) trials during which the
animal attends to the task and detects sensory cues (gaze directed at task stimuli) vs. those in
which attention is directzd elsewhere. and (b) concurrent activity in the autonomic nervous
system (reflected in pupillary diameter), a measure of stress response during the task and a
possibly important concomitant of central systems in mediating adaptive behavioral responsivity.
(2) We will monitor cortical electrical events, termed event-related potentials (ERPs), thought to
retlect selective processing of meaningful sensory stimuli, and investigate the role of LC in
generating these cortical signals in two ways: (a) simultaneous ERP and LC unit recordings will
determine the temporal association between these two events; and (b) local microinjections of
selective pharmacologic agents will be used to transiently and specifically inactivate or activate
NE-LC neurons while recording ERPs. Such specific manipulations of LC will also allow
analysis of vigilance behavior while LC is either inactivated or activated. (3) We will challenge
animals' performance by varying task parameters and introducing distractors and environmental
stressors that are known to influence vigilance in humans. LC and ERP activity will be
monitored, and in other experiments LC will be selectively activated or inactivated, to test the
role of this system in mediating adaptive behavioral responsivity under adverse conditions.

The proposed studies will examine in detail both the temporal association (via LC
recordings) and functional dependency (via LC activation and inactivation) between the brain
noradrenergic LC system, higher-order attentional processing (ERPs), and vigilance pertormance
during normative as well as during stressful conditions. Results of these experiments will open
the way to examination of afferents to LC in future studies. to undersiand circuiis and
mechanisms involved in determination and processing of the specific stimulus attributes (novel,
unexpected, or threatening) that activate LC.

STATUS OF RESEARCH EFFORT:

This section reviews our progress on this project during the previous award. As reviewed
below, major progress included (i) improvement of techniques to record LC discharge in
behaving monkeys. (ii) further characterization of monkey LC activity during naturalistic
behaviors, (iii) characterization of LC responsiveness to target cues during a vigilance task in
relation to tonic LC activity and behavioral task performance. and (iv) specification of short- and
long-term relationships between tonic LC activity and stably focused vs. labile attention.

L. Improvement of techniques to record LC discharge in behaving monkeys. Recording from
small, deeply located structures in the brain poses significant technical problems. As the
reliability of the technique and quality of data obtained are of the utmost importance in
recordings from primate, we devoted considerable time and effort during the last funding period
to improving our techniques. Novel and original methods for recording from the LC (including a
newly designed microdnive, infrared video eye movement monitoring, alignment frame allowing
X-rays in stereotaxic planes, and data acquisition and analysis procedures) were implemented,
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tested and further adjusted during all successive recordings. This new technology markedly
improved the quality of recordings and heightened the yield of LC neurons recorded. Some of
these technical advances are described below

We have developed techniques for recording stable unit activity from primate LC using
microwire electrodes (25 um diameter). In our studies. such electrodes were additionally
improved by grinding the tip of the wire to a conical shape. These electrodes yield stable
recordings of high signal/noise (better than 3/1) from single neurons in LC for several hours in
the waking monkey performing a vigilance task. We find this technique to be much better than
conventional etched tungsten microelectrodes for recording LC neurons.

We have also designed and constructed a novel microwire holder and advancer for recording
unit activity, and developed improved methods of localizing LC. This recording device is
especially suited for penetrations into deep brain structures in behaving animals. In brief, a
screw-driven microdrive assembly is attached to a small stereotaxically implanted cylindrical
pedestal, with the guide cannula stereotaxically positioned 5 - 8 mm above the LC. This design
allows small but accurate repositioning of the guide cannula between recording sessions,
permitting rostrocaudal and mediolateral adjustments in the initial stereotaxic position so as to
precisely localize LC, and allowing multiple penetrations throughout different areas of the LC
nucleus to record from a large number of cells in each hemisphere. Due to the abundance of
casily identifiable electrophysiological landmarks in the vicinity of LC (auditory responses 1n
inferior colliculus: cell activity with eye movements in the trochlear and abducens nuclei; cell
activity with jaw movements in the Mesencephalic V nucleus: large, fast spikes with distinctive
complex spike bursts in the cerebellum), and the readily recognizable discharge characteristics of
LC neurons, it typically takes only a few penetrations to locate LC after the surgery. LC neurons
are readily identified by their distinctive broad spike wavetorms, slow steady discharge, marked
decrease in activity with drowsiness. and biphasic (excitatory-inhibitory) responses to novel
stimuli. As changing electrode tracks does not entail exposing the dura or brain tissue, the
possibility of infection is greatly reduced. In our studies using these techniques. unit recordings
have been obtained from individual animals for over 6 months with no signs of infection. Also,
as only 1 or 2 microwires (25 um dia.) pass through the region of LC. damage to this area is
slight even with multiple penetrations: no gross damage has been observed in histology from the
L.C in our previous experiments. The device also allows for replacing damaged electrodes, or
switching between single- or multiple-wire electrodes, stimulating electrodes or "chemtrodes”
(combined recording/infusion electrodes). Data have been obtained from more than 200 LC
neurons in behaving monkevs with these new techniques.

We have designed and implemented an alignment frame that permits X-ray images to be
made in stereotaxic planes. This device is a simple Plexiglas frame that fits onto the A-P bars of
a Kopf stereotaxic frame. uver the animal's head. The fixation post is positioned in a post-holder,
which is then positioned in the X-ray frame so that the post is properly positioned on the animal’
s head. The post is then cemented to the animal's head. and the post-holder is cemented to an
opening in the top of the frame. After the cement hardens, the post is released from the post-
holder, and the X-ray frame is removed. The post-holder remains cemented to the X-ray trame
throughout experiments for the monkey; each monkey has his own X-ray trame (they are
recycled after sacrifice). At any later time. the animal can be re-anesthetized with ketamine and
placed back into the X-ray frame by inserting the head-mounted post into the post-holder. This
places the animal's head in stereotaxic position with respect to the X-ray frame. In making X-ray
photographs, the alignment pins and ear bar markers (inserts temporarily placed in the animal's
auditory meatus) are used to align the frame with respect to the camera. The ear bar inserts then
are used to measure stereotaxic positions in the X-rays. We have found this technique, combined
with the distinctive characteristics of LC neurors and the landmarks around LC. to be very useful
in guiding our initial adjustments to the LC cannula, and to shortening thic time that is required to
tind LC with recording electrodes after surgery.

2. Monkey LC discharge during naturalistic behaviors, and in response to unconditioned
sensory stimuli. As previouslv reported in varions speciee monkcy LC neurons decreased
activity with decreased arousal (drowsiness) and during certain other behaviors characterized by
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lowered attentiveness (o the sensory environment (e.g.. grooming and eating). Abrupt transitions
in behavioral state to increased arousal were consistently associated with (preceded by) increased
discharge of LC neurons. As found for other species. LC activity in monkey was most phasically
active during such state transitions to high vigilance, and was highly correlated with orienting
behaviors.

LC activity in monkeys was also activated by novel or intense unconditioned sensory
stimuli. Similar to results in rat and cat. we found that monkey LC cells responded to such
stimuli with a brief excitation following by a more prolonged period of diminished activity. As
with spontaneous discharge, sensory-evoked LC activity was most intense for simuli associated
with an orienting behavior indicating increased vigilance; conversely. peniods of low vigilance
were associated with reduced sensory responsiveness.

These observations for sensory LC responses in monkey are consistent with the overall
observation that LC neurons were most active, and responded most intensely to stimuli, in
association with orienting behaviors and an apparent increase in vigilance. As conspicuous or
complex stimuli most consistently elicited these behavioral responses and associated state
changes, the above data for stimuli effective in driving monkey LC fit with our previous
behavioral analyses of rat LC activity. Overall, these data indicate that sensory stimuli effective
in eliciting LC discharge have specific attributes. It appears that LC is geared to respond to
stimuli that are conspicuous to animal: stimuli which by their physical or behavioral properties
evoke a change in attention.

3. Discharge of monkey LC neurons during a sustained attention task. 1f the LC regulates
vigilance and attention to salient cues as we have proposed, we reasoned that it should respond
not only to physically intense stimuli but also to conditioned. meaningful stimuli that require an
immediate behavioral response but that are not conspicuous by virtue of their physical attributes.
We tested this prediction in recordings of LC neurons in waking cynomolgus monkeys
performing an oddball visual discrimination task. In this task, the animal was required to
continuously depress a pedal and attend to visual cues. In most of our recordings, the animal was
also required to foveate a small spot in the center of the video display to initiate each trial.
thereby ensuring attentiveness to the task. Release of the bar within 500 msec after a target cue
(vertical or horizontal bar) was rewarded by juice; incorrect releases or misses were followed by
a time out. Target cues were presented randomly on 10% or 20% of trials, and the non-target cue
was presented on 90% or 80% of the trials. Thus, this task required the monkey to atiend over a
long period of time (a single session often lasted one hr), withhold responses to the trequent
nontarget cues, and respond selectively to infrequent target stimuli. This task is similar to those
used in human studies of vigilance and sustained attention.

Single- and multi-cellular activity were recorded from 161 LC neurons in 4 Cynomolgus
monkeys performing this vigilance task. We alsu tceorded cortical event-related potentials
(ERPs) in response to the sensory cues, as previous work in humans and in monkeys indicated
that such slow-wave activity may signal attentional processing in the brain. Initial results of
these studies are found in our recent publications. Impulse activity of LC neurons was stable
during performance of this behavioral task; single cells could be routinely tracked for hours.
Peri-stimulus time histograms (PSTHs) were generated for target stimuli which were followed by
a lever response within the allowable delay (hits), for nontarget stimuli followed by a lever
release (false alarms). for target stimuli that did not elicit lever responses (misses), for lever
responses regardless of stimuli, and for delivery of juice.

Analyses of these histograms across cells revealed a great deal of specificity in activity of
LC neurons during this task. Only one cell had activity specifically related to lever release, and
only one cell exhibited no response to any parameter examined. The largest category of cells
(81/134) were activated selectively by target stimuli but not by nontarget stimuli. lever release or
juice delivery; 9/134 cells were selectively inhibited under the same set of circumstances.
Twenty--i% of the 134 cells were activated by both target and nontarget stimuli, but for these
cells responses to target stimuli were substantially more robust than nontarget-e’:Cited activity .
These results indicatz that LC neurons are responsive to non-conspicuous stimuli that are
meaningful by virtue of conditioning, and that require an immediate response.
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Recordings during reversal training turther supported these conclusions. Within 15 min of
reversing target and non-target cues cells terminated their response to the previous target
stimulus and began selectively responding to the new target (previously nontarget) cue. Thus,
these responses were specitically related to the meaningtulness ot the sumuli, not to their
physical attributes. Interestingly, these changes varied closely with behavioral pertormance. so
that responses to the new target cue increased (and responses to the new non-target cue
decreased) as the percentage of correct behavioral responses to the new target cue increased (and
behavioral responses to the new non-target cue decreased). Together. these results are consistent
with the possibility that phasic, sensory responses of primate LC neurons has a role in tacilitating
responses to significant sensory stimuli.

In addition. cortical ERPs exhibited a similar set of properties. That is. long-latency ERPs
(200-300 msec) were selectively elicited by target. but not by non-target, cues. These potentials
also reversed with behavior and LC responses during reversal training, so that the long-latency
ERPs came to be selectively elicited by the new target cue. These results are consistent with the
possibility that LC responses to target stimuli may participate in the generation of the long-
latency ERP activity. This would be consistent with other results indicating that LC lesions
decrease the amplitude of ERPs in monkeys.

Therefore. there is a close relationship among LC-NE neurons, cortical ERP acuvity, and
behavioral responding to meaningtul sensory cues. These results indicate that LC responses can
be conditioned to salient stimuli and events in the environment. a potentially important attribute
tor understanding the role of this system in attentional processing.

4. Fluctuations in monkey LC tonic and sensory evoked activities are associated with
alterations in focused attentiveness and task performance. LC tonic activity and task
performance - In our recent studies we have observed that all 10 LC neurons analyzed from
selected long-duration recordings alternated between 2 discrete levels (rates) of spontaneous
activity, with each level lasting tens of min. These levels changed in an abrupt "step”-like
fashion). In some of our recordings lasting for several hours, LC neurons switched between 2
levels of long-term discharge several times. The difference in discharge rates of these levels was
small, in the range of 1 - 2 spikes/sec. but nevertheless quite conspicuous. As described in a
preliminary report, these different levels of LC discharge were closely associated with
differences in behavioral performance on the vigilance task described above. The periods of
elevated LC activity were consistently accompanied by decreased vigilance performance. caused
primarily by an increase in the rate of false alarms (lever responses to nontarget stimuli) and
increased latencies of bar release following target stimuli. another indication of decreased
vigilance pertormance. In addition, a vigilance decrement is evident for epochs ot both low and
elevated LC discharge; the major change in vigilance behavior during elevated LC activity is
lower overall performance than during epochs of lower LC activity. Thus, duiing the high
resting level of LC basal discharge animals responded indiscriminately by eliciting more
responses for non-target stimuli. and also exhibited longer latencies in response to target stimuli,
perhaps retlecting lower overall vigilance performance. There is also a suggestion in of a more
rapid vigilance decrement during epochs of higher LC activity. Additional cases are needed to
confirm this possibility. The rate of correct responses ("hits") did not increase with the increased
false alarm rate during periods of higher LC activity, as might be expected. In fact. hit rates
decreased slightly at these times. Analyses using signal detection theory indicate that duning
periods of higher LC activity the discriminability of stimuli (d' factor) decreased. while the
animal's criterion for responding (B factor) remained roughly the same as for intermediate leveis
of activity. One interpretation of these results is that during the higher LC activity the animal
was less attentive to the task stimuli (making it more difficult to discriminate target from non-
target stimuli), but that his tendency to respond (response criterion) did not change trom that of
intermediate LC rates. If this analysis is borne out in additionat cells and animals. it may mean
that LC activity is more involved in the input (sensory) aspects of attention than in the output
(motor response) components.

LC fluctuations ard changes in focused attentiveness - We also analyzed the frequency with
which the animal successfully visually fixated the fix spot, required to initiate each trial. As in
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other experiments using this method. foveation of the fix spot in this task is etfortful and is a
measure of the animal's attentiveness and engagement in the task. As described in a preliminary
report, epochs of increased LC activity corresponded to decreased frequencies of fixation;
conversely. successtul fixation increased during epochs of lower LC discharge. This inverse
relationship between LC activity and visual fixation was found to be highly staustically
significant for every cell tested using correlation analysis. Note. however, that very low LC
discharge was consistently associated with drowsiness as previously reported (described above),
and corresponded to low (or no) foveation and little overall task performance. Thus. tonic LC
activity in these experiments was related to attentiveness to the task by a curvilinear (inverted U)
relationship, with best task performance corresponding to an intermediate level of tonic LC
discharge. These results were not expected. and imply that focused artention corresponds to an
intermediate level of LC acuivity.

It is possible that these changes in LC activity cause the changes in uttention. However. it is
also possible that the altered LC activity is not causative of. but rather resuits from, the changes
in attention. Experiments are underway to discern these tunctional relationships by locally
activating or inactivating LC neurons during attentional tasks and measuring the effect on task
pertormance. Our working hypothesis is that very low activity (during drowsiness) provides too
little vigilance or alertness for task performance, while high activity results in a level or type of
vigilance that is not conducive to focused attention (required for task performance). Specifically.
we propose that elevated LC activity may promote a mode of scanning or labile attentiveness. in
which the attention span is short and easily altered by exogenous stimuli. This relationship
resembles previous arousal models of vigilance function, and may offer a neural substrate for the
curvilinear Yerkes-Dodson relationship between arousal and pertormance.

In addition to the long-term changes in resting discharge described above. LC neurons also
exhibited short-lasting fluctuations in activity (epochs 30-60 sec long). These transient discharge
levels were too brief to allow ready analysis of different false alarm rates or bar lease latencies as
found for the long-term discharge levels described above. However. we found that these short-
term changes in LC tonic discharge were often correlated with differences in short-term
attentiveness during the task as retlected in different frequencies of visual fixation, similar to the
relationship seen with longer-term changes in LC activity described above. Thus. even brief
elevations in LC discharge were typically associated with decreased fixation of the fix spot. We
have also examined LC activity as a function of simple eye position or movement. and have
found no consistent relationship. We have further analyzed short-term changes in LC activity
and foveation trequency to ascertain whether changes in LC activity anticipate. and may
theretore cause., changes in attentiveness as reflected in successful foveation. To this end. we
have analyzed LC spike patterns for the occurrences of bursts. Our preliminary results indicate
that a brief pausc in LC activity is associated with an increase in foveation frequency, while a
burst of LC activity is followed within a few hundred msec by decreased foveation frequency.
These results indicate that altered LC activity precedes the associated change in foveation. and
are consistent with (but do not prove) the possibility that the LC may cause the change in
attentiveness. As noted above, experiments proposed in Aim 1 will directly address this issue
further using direct manipulations of LC activity.

Fluctuations in tonic LC activity and changes in LC sensory responsiveness - Analysis of LC
responses to target stimuli during the longer epochs of different tonic activity revealed another
surprising but marked relationship. Periods of elevated resting activity in a typical LC neuron
were consistently associated with decreased responsiveness of that neuron to target stimuli in the
vigilance task; the phasic activation of LC neurons typically seen for target stimuli (described
above) was observed predominantly during epochs of intermediate tonic LC discharge and best
behavioral performance in all 10 cells examined to date. Thus, elevated basal LC discharge
corresponds to both decreased behavioral performance (due to indiscriminate responding, long
response latencies, and labile or unfocused attention) and decreased phasic activation of LC
neurons by target stimuli. Additional analyses are underway to fully evaluate these findings, but
they suggest that both phasic evoked responses as well as tonic discharge levels of monkey LC
neurons may affect attentional performance. As noted above. manipulations of phasic LC
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activity are proposed to determine the causal role of these target responses in vigilance
pertormance.

5. White noise transiently activates LC neurons and disrupts attentiveness. In preliminary
studies. LC neurons in one animal were recorded while the animal performed the above vigilance
task and white noise was brietly presented (100 db, 5-15 min). There was a transient activation
ot LC neurons during the noise stimulus, but this quickly subsided even though the noise was
still present. In purallel with the increase in LC activity, the frequency with which the animal
foveated the fix spot decreased. retlectng decreased attentiveness to the task perhaps in response
to distraction by the onset of the noise. Additional presentations of the noise on the same day
yielded less or no response in LC activity or behavior, suggesting that habituation to the noise in
both cellular and behavioral measures was rapid during task performance. The etfects of white
noise will be examined in additional LC cells in the proposed studies. In addition to examining
etfects of brief noise presentation, we will also test whether prolonged exposure (>30 min) exerts
additional effects on LC activity or behavior not seen in the brief presentations. We will also
examine effects of noise on a task that measures attentional lability. the attentional
disengagement task.

6. Acute morphine decreases tonic activity and induces pronounced oscillation of LC
discharge in the waking monkey. LC neurons were recorded from waking, chair-restrained
cynomolgus monkeys before. and for 0.5 - 4 h after, i.m. injections of morphine sulfate (0.3 to 10
mg/kg). As shown in the attached publication [22], tonic discharge of each LC neuron tested
(n=11) decreased after morphine injection; this effect appeared to be dose-dependent for the
range ot 0.3-3.0 mg/kg. Unexpectedly, these same doses of morphine also induced a pronounced
burst-pause discharge pattern in all LC neurons recorded. The bursts in activity corresponded to
(and anticipated) orienting behaviors and increased arousal, whereas pauses were associated with
apparent sedation. This was demonstrated using a burst analysis of LC #<tivity, where tursts of
LC activity after morphine were closely associated with pupillary dilation. Closer analysis
revealed that the burst-pause pattern in LC activity was regular, with a period of about 15-35 sec.
This observation was confirmed by autocorreiogram analysis. These results indicate that acute
opiates may exert a dual effect on LC neurons in waking animals: inhibition of discharge by
direct effects on LC cells, and phasic activation mediated by excitatory afferents to the LC.
These short-term changes in LC discharge after morphine resembled in frequency the short-term
changes described above during the vigilance task, except that the amplitudes of these changes
were much greater after morphine. It is interesting to compare the behaviors associated with
these tluctuations in discharge in the two conditions: LC bursts after morphine gave rise to
apparently increased vigilance while elevated activity in non-opiate testing was associated with a
decrease in focused attention. These may be similar etfects, in that in both cases the elevated
activity may be associated with more labile, loos focused attention. It should be noted, of course,
that these behavioral observations are not strictly comparable; for example. animals consistently
stopped performing the vigilance task after even low doses of opiates. The relationship between
these two fluctuations in LC activity remains to be established.
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Aston-Jones, G., Valentino, R.J., Van Bockstaele, E. and Meyerson. A.. Nucleus locus
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cocaine and morphine dependent rats, Psychopharmacology (in press).

Shiekhattar. R. and Aston-Jones. G., Sensory responsiveness of brain noradrenergic neurons
1s modulated by endogenous brain serotonin. Brain Res, (in press)..

. Akaoka, H. and Aston-Jones. G.. Indirer . serotonergic agonists attenuate hyperactivity of

brain noradrenergic neurons during opiate withdrawal: clinical implications. Neuroscience
(in press).

Shiekhattar. R. and Aston-Jones, G.. Regulation of the spike afterhyperpolarization in locus
coeruleus neurons by a non-protein kinase-dependent action of cyclic AMP Neuroscience (in
press).

Charlety, P.J.. Chergui, K.. Akaoka, H., Saunier, C.F., Buda, M., Aston-Jones. G. and
Chouvet. G.. Serotonin differentially modulates responses mediated by specific excitatory
amino acid receptors in the rat locus coeruleus in vivo (submitted to Eurgp. J. Neurosci.).

Shiekhattar, R. and Aston-Jones. G.. Modulation of opiate responses in brain noradrenergic
neurons by basal and stimulated cAMP-dependent protein kinase: changes with chr nic

morphine (submitted to Neuroscience).

Shipley. M.T.. Fu. L., Ezzis. M. arnd Aston-Jones. G., Distribution of locus coeruleus
extranuclear dendrites: Immunocytochemical LM and EM studies (in preparation for Brain

Res.).

Aston-Jones. G., Akaoka, H.. Shipley, M. and Zhu, Y., Selective induct.on of Fos protein in
subsets of catecholamine neurons during opiate withdrawal (in prepacation for J, Neurosci.).

Grenhotf, J., Nisell, M., Ferre, S.. Aston-Jones, G. and Svensson, T.H., Noradrenergic
modulation of midbrain dopammc cell firing elicited by stimulation of the locus coeruleus in

the rat (submitted to J_Neural Transmission).

Harris, G. and Aston-Jones. G., Beta-adrenergic antagonists attenuate somatic and aversive
signs of opiate withdrawal (in preparatien for Science).

Aston-Jones, G. and Slggms G.R., Electrophysiology. In: ng,_lhg
Fourth Generation of Progress, D. Kupfer and F. E. Bloom, eds, Raven Press (invited, in
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44, Hirora, H. and Aston-Jones, G.. A novel long-latency sensory response ot locus coeruleus
neurons is mediated by activation of periperal C-fibers (in preparation for J. Neurophysioh).

45. Aston-Jones. G.. Alexinsky. T.. Rajkowski. J. and Kubiak, P.. Phasic acuvation of
noradrenergic locus coeruleus neurons by conditionedt cues in a vigilance task (in

preparation tor J, Neurophysiol.).

46. Valentino, R. and Aston-Jones. G. Recent anatomical and physiological findings for the
locus coeruleus system: Behavioral and clinical implications. In: Psychopharmacclogy: Th
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Abstracts

Pieribone. V.A.. Ship.ey. M.T.. Ennis, M. and Aston-Jones. G. Anatomic evidence for
GABAergic afferents to the rat locus coeculeus in the dorsal medial medulla: An
immunocytochemical and retrograde transport study. Soc. Neurosci. Abstr. 16: 300 (1990).

Revay. R. and Aston-Jones, G. Cytoarchitectonic parcellation of the perihypoglossal complex in
the rat. Soc. Neurosci. Abstr. 16: 904 (1990).

Akaoka. H.. Drolet, G., Chiang, C. and Aston-Jones, G. Local, naloxone-precipitated withdrawal
in the ventrolateral medulla activates locus coeruleus neurons via an ¢xcitatcry amino acid
pathway. Soc. Neurosci. Abstr. 16: 1027 (1990).

Chiang. C., Shiekhattar, R. and Aston-Jones, G. Enhancement of sensory-evoked responses in
rat locus coeruleus (LC) by the 5-HT2 agonist 1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane (DOI). Soc. Neurosci. Abstr. 16: 799 {1990).

Shiekhattar, R. and Aston-Jones. G. Novel activation of NMDA receptors potentiates sensory
responses of brain noradrenergic neurons. Soc. Neurosci. Abstr. 16: 1186 (1990).

Drolet. G.. Akaoka. H., Van Bockstaele, E.J.. Aston-Jones, G. and Shipley. M.T. Opioid
afferents to the locus coeruleus from the rostral medulla as detected by retrograde transport
combined with immunohistochemistry. Soc. Neurosci. Abstr. 16:1027 (1990).

Aston-Jones, G.. Charlety, P., Akaoka, H.. Shiekhattar, R. and Chouvet. G. Serotonin acts at 5-
HT| A receptors to selectively attenuate glutamate-evoked responses of locus coeruleus
neurons. Soc. Neurosci. Abstr. 16: 799 (1990).

Van Bockstaele, E.J., Zhu, Y. and Aston-Jones, G. Neurons in the rostral medulla project to both
the iocus coeruleus (LC) and the nucleus of the solitary tract (NTS) in the rat. Soc.
Neurosci. Abstr. 16:1176 (19%)).

Valentino, R.J., Van Bockstaele, E.J. and Aston-Jones. G. Corticotropin-releasing factor-
immunoreactive (CRF-IR) neurons are localized in nuclei which project to the locus
coeruleus (LC). Soc. Neurosci. Abstr. 16: 519 (1990).
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Lett. Suppl. (1990).

Alexinsky, T. and Aston-Jones, G. Physiological correlates ot adaptive behavior in the reversal
of a light discrimination task in monkeys. Europ. J. Pharm. Suppl. 3: 149 (1990).

Alexinsky, T.. Aston-Jones. G., Rajkowski, J. and Revay, R.S. Physiological correlates of
adaptive behavior in a visual discrimination task in monkeys. Soc. Neurosci. Abstr. 16: 164
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Charlety. P.J.. Akaoka. H.. Aston-Jones, G. and Chouvet. G. In vivo pharmacological
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Soc. Neurosci. Abstr. 16: 1090 (1990).
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coeruleus by 1ts major afferents: Anatomy, physiology and pharmacology. Europ. J. Pharm.
Suppl. 3: 9 (1990).

Astier, B. and Aston-Jones, G., Electrophysiological evidence for medullary adrenergic
inhibition of rat locus coeruleus. Europ. J. Pharm. Suppl. 3: 226 (1990).

Pieribone. V.A.. Van Bockstaele, E.J., Shipley, M.T. and Aston-Jones, G.. Serotonergic
innervation of rat locus coeruleus. Europ. J. Pharm. Suppl. 3: 231 (1990).

Van Bockstaele. E., Pieribone. V. and Aston-Jones. G. Diverse afferents converge on the
nucleus paragigantocellularis in the ventrolateral medulla of the rat. Europ. J. Pharm. Suppl.
3: 50 (1990).

Shiekhattar, R., de Boer, S. F.. Valentino, R. and Aston-Jones. G. Acute and chronic effects of
diazepam on brain noradrenergic neurons. Soc. Neurosci. Abstr. 17: 151 (1991).
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Neurosci. Abstr. 17: 1541 (1991).

Akaoka, H. and Aston-Jones, G. Enhanced serotonergic transmission may attenuate activation of
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Chiang, C., Curtis. A, Drolet. G., Valentino, R. and Aston-Jones. G. Auditory-evoked responses
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Rajkowski. J., Akaoka, H., Kovelowski. C. J. and Aston-Jones, G. Decreased tonic discharge
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waking monkeys. Soc. Neurosci. Abstr. 17: 1541 (1991).

Ennis, M., Rizvi. T. A., Shipley, M. T.. Behbehani, M. M.. Smith, E.. Van Bocksuaele. E. J.,
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pertambigual area: Relation to vagal output neurons. Soc. Neurosci. Abstr. 17: 611 (1991).

Van Bockstaele, E., Akaoka. H. and Aston-Jones, G. Somatosensory and auditory nuclei project
to a discrete subregion of the rostral ventral medulla in rat. 3rd IBRO World Congress of
Neuroscience Abst. 128 (1991).

Rajkowski. J., Akaoka, H. and Aston-Jones, J. Acute morphine decreases discharge and induces
periodic bursting of locus coeruleus neurons in the waking monkey. 3rd IBRO World
Congress of Neuroscience Abst. 206 (1991).

Luppi, P.H.. Akaoka, H., Charlety, P., Aston-Jones, G.. Shipley, M., Chouvet. G.. and Jouvet, M.
Hypothalamic projections to the area of the locus coeruleus: Analysis by retrograde and
anterograde tracing. 3rd IBRO World Congress of Neuroscience Abst 291 (1991).

Drolet. G.. Van Bockstaele, E.J., Akaoka, H. and Aston-Jones. G. Enkephalin atferents to the

locus coeruleus froim dic rosual medulla. 3rd IBRO World Congress of Neuroscience Abst.
382 (1991).

Aston-Jones, G., Akaoka, H. and Drolet, G. Mechanisms for activation of locus coeruleus
neurons in opiate withdrawal. 3rd IBRO World Congress of Neuroscience Abst. 382 (1991).

Aston-Jones, G. and Akaoka, H. 5-HT drugs slow brain NA cells in opiate withdrawal. 145th
American Psychiatric Association Meeting Abst. 1992.

Aston-Jones, G. and Shiekhattar. R. Attenuation of after-hyperpolarization in locus coeruleus
neurons by cAMP is independent of protein kinase activation. Soc. Neurosci. Abstr. 18: 103
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Kubiak. P., Rajkowski, J., Luthin, G. and Aston-Jones. G. Tonic and sensory-evoked activities

of noradrenergic locus coeruleus (LC) neurons in primate vary with discrimination
performance in a vigilance task. Soc. Neurosci. Abstr. 18: 538 (1992).
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Hirata. H., Akaoka, H. and Aston-Jones, G. Locally-induced opiate withdrawal modesty

activates noradrenergic locus coeruleus (LC) neurons in vivo. Soc. Neurosci. Abstr. 18: 373
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Akaoka. H.. Zhu, Y.. Shipley, M.T. and Aston-Jones. G. Expression ot Fos protein in central
catecholamine neurons during opiate withdrawal. Soc. Neurosci. Abstr. 18: 374 (1992).

Rajkowski. J., Kubiak, P. and Aston-Jones. G. Activity of locus coeruleus (LC) neurons in
behaving monkeys varies with changes in tocused attention. Soc. Neurosci. Abstr. [8: 538
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Valentino. R. J.. de Boer. S., Bicanich, P., Kang, B. and Aston-Jones. G. Fos-immunoreactivity
(F-IR) in brains of rats exposed to inescapable shock or administered corticotropin-releasing
tactor (CRF). Soc. Neurosci. Abstr. 18: 203 (1992).

Page, M. E.. Luppi. P. H.. Aston-Jones, G. and Valentino, R. J. Atferent and efferent projections
of Barrington's nucleus, a corticotropin-releasing factor (CRF)-containing pontine nucleus.
Soc. Neurosci. Abstr. 18: 535 (1992).

Harris, G. C. und Aston-Jones, G. Beta-adrenergic antagonists block withdrawal signs in
morphine and cocaine dependent animals. Soc. Neurosci. Abstr. 18: 374 (1992).

Rizvi, T. A., Ennis. M., Luppi, P.. Aston-Jones, G. and Shipley. M. T. Projections from the
medial preoptic area (MPO) to nucleus locus coeruleus (LC) and the pericoerulear region.
Soc. Neurosci. Abstr. 18: 1374 (1992).

Robine, V., Valentino, R., Aston-Jones, G. and Lehmann, J. Norepinephrine release elicited in
vivo by local NMDA receptor stimulation. Soc. Neurosci. Abstr. 18: 915 (1992).

Shiekhattar, R.. Aston-Jones, G. Regulation of opiate responses in brain noradrenergic neurons
by the cAMP cascade: Changes with chronic morphine. Soc. Neurosci. Abstr. 18: 1370
(1992).

Shiekhattar. R. and Aston-Jones. G. Enhancement of opiate responses in brain norz;drcncrgic
neurons by cAMP-dependent protein kinase: Changes with chronic morphine. Intl.
Catecholamine Symposium Abstr. 7. 1992.

Aston-Jones. G.. Rajkowski. J., Kubiak, P., Alexinsky, T.. Shipley, M. T.. Ennis, M.. Akaoka. H.
and Astier, B. From the medulla to attention through the locus coeruleus: Cellular
physiologic and anatomic studies. Intl. Catecholamine Symposium Abstr. 7. 1992.

PROFESSIONAL NEL:

Gary Aston-Jones. Ph.D.. Professor (Principal Investigator) 20%. 3 years

Tatiana Alexinsky, Ph.D. Researcl: Associate 100%. 0.5 year
Janusz Rajkowski, Ph.D.. Research Assistant Professor 100%. 3 years
Piotr Kubiak. Ph.D.. Postdoctoral Fellow 100%. 2 years
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INTERACTIONS:

Invited presentations at national and international meetings:

European Winter Conference on Brain Research, Les Arcs, France, March. 1990.

International Symposium on the Neurobiology of the Locus Coeruleus. Post Falls, Idaho. May.
1990.

XIIth Congress of the International Primatological Society, Kyoto, Japan. July. 1990.

European Brain and Behavior Society Symposium, "Functions ot the forebrain cholinergic and
noradrenergic systems”, Stockholm. Sweden, September, 1990.

McDonnell Foundation Workshop on Emotion, Montauk, New York, September. 1990.

Chairman and speaker, "The Ventrolateral Medulla: A Site for Integration of Pain, Sympathetic
Activity and Arousal”. Special Panel, Winter Conference on Brain Research. Vail, Colorado,
January, 1991.

Chairman and speaker, "The Ventrolateral Medulla: A Site for Integration of Pain. Sympathetic
Activity, Respiration and Arousal", Workshop, IBRO 3rd World Congress of Neuroscience,
Montreal, Canada, August, 1991.

Chairman and speaker, "The Locus Coeruleus-Norepinephrine System: New Basic and Clinical
Perspectives”. Panel. American College of Neuropsychopharmaceclogy (ACNP), San Juan,
Puerto Rico, December, 1991.

Symposia presentations (2), Seventh International Catecholamine Symposium. Amsterdam. June.
1992.

International Research Conference of the American Academy of Osteopathy. on Nociception and
the Neuroendocrine Immune Connection, Cincinnati, Ohio, June, 1992.

American College of Neuropsychopharmacology (ACNP) Panel. "Neural Mechanisms of
Learning and Memory: Relevance to the Consequences of Severe Psychological Trauma”,
San Juan, Puerto Rico. December, 1992.

Chairman and speaker, "Catecholamines and Attention: New Basic, Clinical and Modeling
Approaches”. Workshop, Winter Conference on Brain Rescarch, Whistler. British Columbia,
January, 1993.

The above does not include more than 15 invited seminars at other universities.
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! FROM THE MEDULLA TO ATTENTION THROUGH THE LOCUS
——— COERULEUS: CELLULAR PHYSIOLOGIC AND ANATOMIC STUDIES.
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Noradrenergic neurons of the locus coeruleus (LC) in both rat and monkey decrease their tonic discharge
with sleep but also with aroused. non-vigilant behaviors (grooming and consumptive behaviors). These cells
respond to sensory sumuh of many modalities, both internal and external, with greatest responses occurrin
for stimuli that cause orienting behavioral responses. Together with the broad efferent projections of L

~ axons, and the modulation of target cell activity by NE, these results suggest that the LC functions to regulate
© vigilance, defined as surveillance of the environment and readiness to respond to salient stimuli. New studies
. recording LC neurons in monkeys performing an oddball discrimiation task reveal that these neurons are
selectively phasically activated by meaningful stimuli. Additionally, tonic activity fluctuates with minute-to-
minute fluctuations in attention (measured by frequency of visual fixation), such that optimal focused attention
and performance occurs with intermediate levels of LC activity—Fhese results suggest that phasic activation of
1.C denotes urgent meaningtul stimuli, while fluctuations in tonic LC activity may regulate whether animals are
drowsy tacuvity 100 low), able to focus attention (intermediate activity), or are too highly aroused to focus
attention and respond selectively (“scanning” mode: activity too high). Anatomic studies of the sources of
atferents to LC that mav be responsible for such discharge properties have revealed that major inputs originate
.1 2 rostral medullary cetl groups, the nuclei paragigantocellularis (PGi) and prepositus hypoglossi (PrH). The
PGi provides potent excitatory amino acid (EAA) and inhibitory adrenergic inputs, while theP?H'ﬁlﬁBit"s‘ LC
- via GABA-A receptors. We and others have recently found that the PGi-EAA input is responsible for several
* sensory-evoked responses of LC neurons, and also for the bulk of the hyperactivity that occurs in LC during
apiate withdrawal. Agents that interact with this EAA input modulate LC activity during these and other
-mui, and may have a vanety of clinical applications. Prominent circuit and functional features of the PGi
and Pri extend our understanding of the LC as a vigilance system. The PrH is linked to orienting behaviors,
anile the PGi is a key sympathoexcitatory region. These tindings suggest that the LC is in a critical position to
reeuiate vigiiance and attention in paralle! with orientation to salient sensory events and sympathetic activation
ot penpheril systems tor adaptive responses to salient urgent stimuli.
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TONIC AND SENSORY-EVOKED ACTIVITIES OF NORADRENERGIC
LOCUS COERULEUS (LC) NEURONS IN PRIMATE VARY WITH
DISCRIMINATION PERFORMANCE IN A VIGILANCE TASK. P, Kubiak.J,
Rajkowski, G, Luthin® and G, Aston-Jones, Div. Behavioral Neurobiol., Dept. Mental
Health Sci., Hahnemann University, Philadelphia, PA 19102
Previous studies indicate that the LC regulates vigilance, or attentiveness to
sensory sumuli. Consistent with this idea, we have recently reporied that monkey LC
neurons typically respond preferentially to target stimuli in a vigilance task (Aston-
Jones et al., Prog. Brain Res. 88: 501, 1991). We extended this analysis to include
changes in discrimination performance and basal discharge rates of LC neurons.
Individual LC neurons were recorded in 2 cynomolgus monkeys performing a
vigilance task which required bar release within 700 msec of a target stimulus (10 %
of trials) but no response to non-target stimuli (90% of wials). Stimuli were
horizontal or vertical bars presented on a video screen, onc of which occurred per trial
immediately afier foveaticn of a central fix spot. The mean bascline discharge raics
of LC ncurons were typically between | and 4 spikes/scc. During prolonged task
performance (more than 30 min), cach of 15 L.C necurons analyzed to date alternated
between two levels of tonic activity which differed by 0.5 - 1.5 spike/sec: animals
.were continuously alert throughout the task, These episodic changes in LC activity
corresponded to allered task performance such that epochs of elevated discharge were
accompanied by decreased discrimination, reflecting lowzred attention to task stimuli.
In addition, LC neurons appeared to be unresponsive ts both target and non-target
task stimuli during such pegiods of elevated discharge. In contrast, when LC activity
resumed the lower level of discharge, discrimination performance markedly improved
and neurons exhibited the typical phasic activation by target stimuli. Thus, a strong
relationship exists among tonic LC discharge rate, sensory responsiveness of LC
neurons.and vigilance performance. These-and other results (sce Rajkowski et al.,
this volume) support a role for the LC in attention and vigilance. Additional work is
underway to determine how these changes in LC acuvity contribute to the
accompanying changes in attention. Supported by AFOSR grant 90-0147.
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ACTIVITY OF LOC{S ¢ 2%11.EUS (LC) NEURONS IN BEHAVING

MONKEYS VARIES “¥ri.! T:/ANGES IN FOCUSED ATTENTION. _J,
ik i* jak, v -3, % w.ooiones. Div. Behavioral Neurobiol., Dept. Mental

Health Sci., Hahnemann © '-:i+ 51y, Philadelphia, PA 19102, :

Our previous results revealed that sensory responses of LC neurons in behaving
monkeys are selectively elicited for attended stimuli in a discrimination task (Aston-
Jones et al., Prog. Brain Res. 8: 501, 1991). Here we report that tonic LC discharge
also varies in close comrespondence with attentiveness.

Discharge of individual LC neurons was recorded from 2 cynomolgus monkeys
performing an attentional task (oddball visual discrimination). The results of activity
during this task are presented in an accompanying abstract (Kubiak et al., this
volume). This task required that the animal foveate a central fix spot to initiate each

tnal of sumulus presentation; proper response (o target stimuli resulted in juice -

reward.  Such foveation is cffortful and reflects autentiveness 1o the task. During
drowsiness there was typically no task performance and LC activity was very low (<
0.5.spikes/scc). We observed that during continuous alertness and task performance
the frequencics of both LC discharge and foveation fluctuated over short (10-30 sec)
and long time intervals (10-30 min). The long-term changes in LC discharge were
consistently inversely correlated with task behavior, such that slightly elevated LC
acuvity (by 0.5 to 1 spike/sec) was accompanied by decreased foveation frequency
and poorer task performance. Correlation analyses revealed that this relationship was
highly significant (of the 6 cells quantitatively analyzed to date, typically r-w~05,p <
1.001). In addition, even shon-term increases in LC tonic activity often corresponded
to marked, short-lasting reductions in foveation frequency. These results suggest that
focuscd auentiveness varies with tonic LC discharge in an inveried U relationship.
Very low LC activity is associated with drowsiness and inauentiveness, while high

‘tomec LC discharge corresponds with labile attention and restlessness; optimal

focusing of attention occurs with intermediate levels of tonic LC activity. Additional
studics are underway to test whether fluctuations in tonic LC activity cause or reflect
changes in attentiveness. Supported by AFOSR grant 90-0147.
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PERIODIC BURSTING OF LOCUS COERULEUS NEURONS IN THE
WAKING MONKEY. | Rajkowsks, H. Akaoka dnd G, Astop-Jones. Div. Behav.
Neurotiol . Dept. Mental Health Sci.. Hahnemann {'niv.. Philadelpbia. PA 19102,

The discharge acuvity ol six neurons tentatively idenufied as noradrenergic focus
coersleus (LC) units (>2 ms spike. low Irequency, burst-pause response to salient
sumuln was recorded before. and up to 4 hours after 1.@. injecuons of morphine (2
cells cach tor | meske, 3 meske, or 10 me/kg) 1n a chawr restrained Cynomolgus
monkey with fixed head. Throughout sesstons the ammal’s eyes were open and he
visually explored the environment, occassionally shivered or scratched himself, but did
not respond to most environmental sumuh. By | hr or more after morphine. the eves
¢xhibited slow dnifts and subsequent saccades. the pupil dlamcu:r oscillated widely, and
thers were occasionally short periods of drowsiness.

{.C acuvity pre-drug was charactensucally tonic and regular, with small amplitude
penodicity (0 04 Hz). Three to 7 mun atter morphine. each of the 6 LC cells exhibited
<lear penodic bursung acuvity which contnued for the entire recording session. These
larger bursts also occurred with a penod of O 04 Hz for each cell. and were highest in
ampittude 20 min atter injecuon. Both interburst pauses and tnterspike intervals
increased with ume atter imection, and resulted 1n an overall decrease ot impulse
acuvity By 2 hr post morphine, LC-acuvity remained at a very low level even when
the amimal had his eves tully opened. and hursts of unit discharge that accompanied
awakening predrue were reduced to a tew spikes. The above etfects were observed for

Al 6 cells, even with the lowest dose tested (1 mg/kg). Supponed by AFOSR grant
9)-0147 and PHS grant DA 06214,
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DECREASED TONIC DISCHARGE AND INDUCTION OF
PERIODIC BURSTING OF LOCUS COERULEUS (LC) NEURONS
AFTER ACUTE MORPHINE IN WAKING MONKEYS L Rakowski, H.
Akaoka, CJ. Kovelowskl Il and G, Aston-jones Div. Behav. Neusobiol., Dept.
Mental Health Sci., Hahnemann Univ. Philadelphia. PA 19102,

Substanual evidence indicaies that the LC may be an imponant site of acuon for
~xogenous opiates. However, the etfects of opuates on the etectrical acuvuy of LC
RUroNS 1N CONSCIoUS animals remain conuwoversial, and never nave been reponed n
primates. Here, the discharge acuvity of 11 neurcns iocaled in the LC region and
‘enlauvely denufied as noradrenergic celts (>2 ms spike. low trequency, burst-pause
response to salient sumuh) was recorded before. and up to 4 hours after v.m.
inlecuons of morphine sulphate 1n a chawr resoained Cynomoigus monkey 3 celis
cach with 0.3 mg/kg, | mgrkg or 3 mg/kg, and 2 cells with 10 mg/kg). Atter
injecuon, the amumal sat quietly appeanng sedaied wuth his eves open. One-half 10 |
»our tollowing morphine adminmistrauon. the amimai s cves exhibited episodic slow
intts, the pupil diameter oscillated widely, ang there were occasional short penods of
Jowsiness.

~C acuvity pnor © drug adminisrauon was charactensucaliv wonic ang regular;
.1aser analysis revealed that there were smail osciilauons in discharge rate occunng at
1 lrequency of about V.04 Hz. At 30 7 min atier morphune iniecuon. LC neurons
-nowed pronounced penodic bursung acuvity wnich conumied 1or the durauon of the
recording session. Such bursung also occurred with a frequency of 0.04 -1).05 Hz. as
ictected by autocorrciauon of unit discharge, and was most pronounced about 20
0N atier ingecuon, [nterspike intervals increascd with tme atier inecuon, resuitng
a an overall decrease of impuise activity. By 2 hrs tollowing a high dose of
momhine. LC neurons were nearly silent, ¢ven though the amimal s eves were tully
pen. Althouwh most pronounced for higher doscs of morphine, the above ctiecis

~ere observed for ail cells tested. Supported by AFOSR wrant v0-0147 and PHS
granmt DA 06214,
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PHYSIOLOGICAL CORRELATES OF ADAPTIVE BEHAVIOR IN A VISUAL

DISCRIMINATION TASK IN MONKEYS. I Alexinsky' G. Asion-Jonas, J
Rajkowski and R.S. Bgvay, Div. Behav. Neurobiol., Dept. Mental Health Sci.,
Hahnemann Univ., Philadelphia, PA, USA, and 'U. René Descanes and LPN2
CNRS, 91198, Gif-sur-Yvette, France.

Previous studies have implicated the rostral pontine nucleus locus
coerulsus (LC) In vigilance and adaptive sensory-behavioral responding. Here
we have examined this framework by recording neurons in the LC area of
cynomoigus monkeys performing an "oddball" visual discrimination-vigilance
task. Monkeys were trained with colored lights serving as S+ or S-. Four
bundles of 6 micro-wires (25-um) were implanted bilaterally in the LC area for
recording neurenal impulse activity. Event-related potentials (ERPs) were
recorded from skull screws. Stimulus duration, time to respond, interstimulus
intervai, S+/S- ratio, and session duration were systematically vaned 1o alter task
ditficulty and attentiveness. Monkeys were also subjected to reversal training.

Histologic reconstruction of ali recording sites is not compieted, but certain
classes of neuronal responses in the rostral pons are apparant. Apan from cells
that could not be driven by any aspect of the task (25%). many neurons were
classified as sensory (23%), motor (14%) or reward cells (2%). However, a large
population of cells in the LC area (36%) exhibited activity that was specificaily
related to meaningtul stimuli (l.e., driven by S+ but not S-). These cells altered
their responsiveness to be activated by the new S+ during reversal training in
close correlation with behavioral performance. ERPs ware aiso specilically
evoked by the S+, whether overlearned or during stimulus reversal (correlation
between ERP amplitudes and behavioral performance during reversal = 0.89).
Thus, strong relationships exist among activity of certain cells in the LC area.
cortical ERPs and adaptive behavior in a task requiring sustained attention.
These relationships are being examined in more detail by monitoring attention
via eye position and autonomi¢ activity via pupillary diameter in 8 more
sophisticated discrimination task. Supported by AFOSR grant 90-0147, and
ONR contract N00014-86-K-0493.
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PHYSIOLOGICAL CORRELATES OF ADAPTIVE BEHAVICR IN THE
TIeE © REVERSAL OF A LIGHT DISCRIMINATION TASK IN MONKEYS.
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AUTHORS T.Alexinsky 3 Université René Descartes and LPN2
and Address TRRS, 711§§ Gif/Yvette FRANCE
Abstract In a reversal paradigm, a previously reinforced
- target or S+, is no longer reinforced and undergoes
Deadline the process of extinction, wherein the former 8-
1 March becomes the new S+. This task required cdetection and
selective response to an infregquent colcored stimulus
Not for (10%) embedded in a sequence of nontarget stimuli
oral pre- ga (90%). When the monkey {macaca fascicularis)
sentation depressed a lever, a randomized series of colored
(tick here): lights were presented. At the onset of the
—— ] infrequent target 1light, a rapid release of the
lever ( in less than 500ms) was rewarded by juice.
, ENA,EBBS Performance during the reversal process was studied.
EEQ We examined the physiological correlates of this
. behavior at a global level using averaged EEG
‘ Tick one box activity triggered by S+ and S- and at neuronal
: — level, wunit and multi-unit activity of cells located
in the rostral pontine area.
Results showed that:
- 1'monkeys were able to learn the signification of
Abstract 10 be sent a new S+ after a few presentations.
to: - 2°8+ was followad by an event related potential

(ERP) (latency :250ms +,-15, amplitude 19.5 +/- 4.5

IN~ Congress-office uVv). The <correlation between +the amplitude of the

Mr P. Wittebol RPs and the performance in the task was .89.

3/t Keizersgracht 782 - 3 cells located in the LC region showed also the
NI 1017 EC Amsterdam specif! regponse for the target. During reversal,
Tt 3 Netherlands this response was shown to be reduced proqressively

for the former S+ and conversely increased for the
new 5+, These data show <clearly that both at the
¢lobal EEG and at the cellular brainstem levels,
tiere is a significant correlation between
ptysiological measures and behavior attested by the
>erformance in an attention task,
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CHAPTER 35

Discharge of noradrenergic locus coeruleus neurons
in behaving rats and monkeys suggests a role in vigilance

G. Aston-Joncs ', C. Chiang "and T. Alexinsky *

CDuvion of Behavioral Nenrobwdiey, Department of Mental Health Sciences, Hahnemuann Umicersay, Broad and Vine,
Philadelpiun, P4, US.A. and < Umieeraté René Descartes. Depariment de Psychaphysiologie,
Laboratowre de Phvsiologie Nerveuse 2 CNRS, Gif-sur-Yrette, Cedex. France

Recerdings from noradrenergic focus cocruleus (L.C) neurons
n brhaving rats and monkevs reveided that these cells
decrease tenme dischiarge during steep and also during certinn
high arousal behaviors {grooning and consumprion) when
wtteeson (viglance) was low, Sensory stimuh of many modakhi-
ties phasically activated LC ncurons, Response magnitudes
varizd with vigilance, similar 1o results for tome activity, The
most effective and reliable stimuli for eliciting LC responses
were those that disrupted behavior and evoked orienting
responses. Similar results were abserved 1in behaving monkeys
except that more intense shimuh were required for LC
responses. :
Our more recent studies have examined LC activity in
monkeys performing an “oddball” visuul discrimination task.
Monkeys were trained o release o lever after o targel cue
Iight that nccurred randomly on 1077 of trials: agimals had to
withhold responding during non-target cucs. LC ncurons
selectively responded to the target cues duning this task,
Durning reversal traming. LC neurons losp their response (o
the previous Lirget cue and began responding to the new
target light i paralle) with behavioral reversal. Cortical
cvent-related potentials were elicited in this task selectively by
the same stimuli that evoked LC sespunses. )
Injections of lidocaine, GABA, or & synaptic decoupling

solution into the nucleus paragigantocelfuluris in the rostral
ventrolateril medulla, the magor afferent 1o LC, eliminated
responses ol 1O nearons to seitic nerve stimalation or fool-
or tal-pinch. This indicates that certium semory information is
relaved 10 1O through the exentatory amino acid (EAA) input
from the ventrolateral medulla,

“The_effect of prefrontal cortex (PFC) activation on LC
neurons was examined in anesthetized rats. Single pulse PFC
stimulation hid no pronounced effect on LC neurons. consise
tent with our finclings that this area does ant innervate the LC
nucleus. However, trains of PFC stimulation substantislly
activated most LC neurons. Thus. projections from the PFC
may activate LC indirectly or through distal dendrites, sug-
gesting a circuit wherehy complex stimuli-rify Thflignce LC
neurons.

The abowve results, in view of previous findings for
postsynaptic cffects of norepinephrine. are interpreted to
reveal  role for the LC sysiem in regulating attentional state
or wigilance. The rales of major inputs 10 LC from the
ventroblateriat and dorsomedial medulla in svympathetic contral
and behavioral orienting responses.  fespeclively, are inle-
grated 1nto this view of the LC system. It is proposed that the
LC pruvides the cognitive complement 10 sympathetic func-
tmn,

Kev words: locus coeruleus, vigikance, monkey. ral, behaving, cartex

Introd:uction

The noradrenergic locus coeruleus (LC) s&stem
has been proposed to be involved in almost as

many brain and behavioral phenomena as there
are investigators who study this structure, These
neurons have been implicated in indamental
brain processes ranging from vegetat: e activities
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such as sleep and cerebral blood flow. to more
complex, cognitive phenomena such as selective
attention and memory (reviewed in Aston-Jones
vt al., 1984). Correspondingly. this system has
been a favorite suspect’in the “who done it™ of
clinical ctiology. being implicated in disorders
ranging from anxiety and panic to dementia and
schizophremia. How can so few cells (estimated to
be 15,000 per hemisphere in humans) (Foote er
al., 1983) do so many things? While some may
think that investigators have waxed overly enthu-
siastic in some claims about this enigmatic little
nucleus buried in the pontine brainstem, it is
possible that the LC system serves a fundamental,
eeneral function in brain activity and thereby is
involved in a numbcer of brain and behavioral
processes. The thesis of this paper is that, indeed,
the LC provides a very general function, which is
to regulate attention to the broad range of envi.
ronmental stimuli and the degree to which behav-
ior is engaged by the cever-changing sensory sur-
round. The hypothesis to be developed in this
report is that the LC system functions to control
vigilance. defined as the surveillance of the envi-
ronment, or readiness to respond to unexpected
cnvironmental events. We will develop this model
using a host of cellular attributes of the LC
system, particularly anatomic, physiological and
pharmacological properties of these ncurons. We
will cxtend this hypothesis by incorporating re-
cent lindings pertaining to the ncural systems
that are atferent to LC ncurons, -and by using
known functions of these major inputs to expand
our thinking about the LC's role in brain and
behavior. We will also describe recent results of
LC impulse activity in waking monkeys perform-
ing an “oddball” visual discrimination task de-
signed to manipulate and measure vigilance. Fi-
nally, we will define 4 very general perspective
from which to examine LC function, in which this
system is viewed as a “random scarch gencrator™
whose activation serves to disrupt stable activity
in neural loops and associated bchaviors and
gencrate a scarch for a new activity that is more
consistent with the most recently sampled sensory

information. This view may be useful to gencral

nervous system madels and ncural network analy-
NCS,

The ultimate goal of this functional analysis is
to derive an algorithm for LC function. so that
given o certain input, one could predict a func-
tional outcome of LC system activation. We be-
lieve that the cellular physiological and anatomic
propertics of the LC system arc key elements in
such an analysis.

Back&ound

Efferent organization

The LC system has been the subject of intense
study for more than two decades. The-interestin
this nucleus began in carnest when Swedish re-
scarchers (Dahlstrom and Fuxe, 1964; Ungerst-
cdt. 1971) discovered that these cclls give risc to
an enormously divergent sct of cficrent projec-
tions: it is noteworthy that this small nuclcus
innervates more different brain areas than any
other single nucleus yet described. This, and the
fact that these neurons apnearcd to use the then
recently discovered ncurotransmitter norepineph-
rinc (NE) to communicate with their target cells,
generated great enthusiasm for understanding
their possible function(s). ‘

Although some investigators have argued that
NE may bc rclcased from LC fibers in a non-syn-
aptic manncr, providing a hormone-like. paracrine
influence on many ncurons within a diffusion-

limited arca (Beaudet and Descirries. 1978), more

recent studics have shown that LC terminals in
several brain structurcs make conventional

synapse-like appositions with postsynaptic spe-

cializations on target ncurons (Koda et al., 1978:
Olschowka ¢r al.. 1981: Papadopoulos er al.. 1989;

Papadopoulos and Parnavelas, 1990), There is. in

fact, a great deal of hoth regional and laminar
specificity in the innervation of target structures
by LC axons (e.g., Morrison et al., 1982). Finzlly,
although there have been reports of NE iiber
apposition to blood vesscls (Edvinsson er al., 1173:
Hartman, 1973; Swansen ef al.. 1977), mor: re-

Sy




cent studies in LC terminal arcas do not find a
preference for apposition o dopamine-f#-hvdrox-
viase fibers on capillaries (Olschowka er al.. 1981
Papadopoulos er al, 1989; Papadopoulos and
Parnavelas, 1990). While such_findings cannot
rule out a possible involvement of LC projections
in blood flow and mctabalism in target arcas,
they indicate that this system is most prominently
structurgd to provide conventional synaptic input
to brain neurons,

Postsynapiic effects

Using microiontophoresis, early studics (Hoffer
et al.. 1973; Segal and Bloom, 1974) found that
NE inhibited basal discharge of cerebellar or
hippocampal neurons in ancsthetized rats, cffects
which appeared to be mediated by B-adrenergic
receptor activation of a cyclic AMP second mes-
senger system (Siggins er al., 1971; Foote et al.,
1933). However, subsequent cxperiments by
Foote, Segal and colleagues (Foote er al., 1975;
Segal and Bloom. 1976) found that, in addition to
decreasing basal discharge, NE may also enhance
the selectivity of target cell discharge. so that in
the presence of this neurotransmitter neurons
respond with increascd preference to their most
strongly determined inputs. In these and studies
by others that extended these findings (sce contri-
butions by Waterhouse e al.. and by Woodward
et al., this volume), NE acting at presumed B
recuptors decreased spontaneous impulse activity
to a greater extent than activity evoked by affer-
ent or sensory stimulation. This cffect has re-
certly been described for mator-related activity
in primate cortex as well (Sawaguchi er al., 1990),
indicating that it is not limited to sensory arcas. It
is noteworthy that in many cases NE has bhecen
found to augment evoked activity (cither excita-
tory or inhibitory) while decreasing spontancous
discharge of the same ncurontWatcrhouse and
Woodward, 1980: Waterhouse ef al.. 1980, 1984),
Such selective enhancement of responses to strong

inputs relative to low-level or basal activity has

been likened to an increase in the *signal-to-
noise” ratio of target ncurons by NE. Although
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other effects of NE have been described for vari-
ous target arcas, such biasing of target cells to
respond preferentially to their strongest inputs is
most significant for the prescnt analysis,

LC ‘(hl‘i.scharge in unanesthetized rats and
monkeys

Before considering data concerning when LC
neurons arce active in behaving animals-i-is.pectis
nent to point out some important technical is-
sues. Our recordings of LC discharge have uti-
lized species (rat and monkey) whose LC is com-
posed entirely of noradrenergic ncurons. Thus, in
these spccies one can record from known NE-
containing LC ncurons by using simple histologi-
cal verification of recording sites. This is an im-
portant consideration, since the wide interest in
LC stems from its noradrencrgic cell population.
Similar experiments in other species (e.g., cat) in
which the nucleus LC is composed of interdigi-
tated NE and non-NE neurons could only posi-
tively ascribe discharge to NE-containing neurons
if intracellular staining and double-labeling is car-
ricd out. a procedurc not reported for any such
study to datc.

Spontaneous 1.C discharge and the sleep-waking
cycle

One precdominant hypothesis of LC function is
that thesc ncurons control various stages of the
sleep-waking cycle (Jouvet, 1969; Hobson et al.,
1975: McCarley and Hobson, 1975). We found
that spontancous LC discharge covarics consis-
tently with stages of the slecp-waking cycle, firing
fastest during waking, more siowly during slow.
wave sleep. and hecoming virtually silent during
paradoxical sleep (PS) (Aston-Joncs and Bloom,

~1981a). In rat, the nearly total lack of activity in

this ATCRUY during PS is evident not only from
the consistent quicscence of single ncurons, but
especially when several neurons in the densely
packed noradrenergic cell group are recorded
simultancously. In such cases, the entire popula-
tion typically become: silent, with a prominent
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decrease in “hackground noise”™ as well. These
observations, the tirst of their kind for known
NE-contaming ncurons, SUpport previous propos-
als that a simular subpopulation of umidentified
cat LC neurons may be noradrencergic (IHobson et
al.. 1975 Rasmussen er al., 1986), However, other
activity profiles of purported noradrenergic neu-
rons have been reported in cat LC (Chu and
Bloom, 1973, 1974).

We also recorded spontancously occurring field
potentials from rat LC during slcep and waking.
These slow potentials are synchronous with bursts
of unit activity during waking and slow-wave sleep,
but occur at their highest rates during PS in the
absence ol unit activity {Aston-Jones and Bloom,
1981a). These observations indicate that the ab-
sence of LC discharge during PS is due to active
inhibition of these neurons, not simply disfacilita-
ton. This is consistent with results demonstrating
that LC cells in brain slices are auto-active, in the
absence of synaptic inputs (Aghajanian et al.,
1983: Wilhams er al., 1984),

Further analysis revealed that LC impulse ac-
tivity also changes within stages of the slcep-wak-
ing cycle. in anticipation of the subsequent stage
(Fig. 1). Thus, during waking, LC ncurons pro-
gressively decrease i activity as slow-wave sleep
approaches, and hkewise during slow-wave sleep
before the onset of PS (Hobsen er al., 1975:
Aston-Jones and Bloom, 1981a). If waking rather
than PS follows slow-wave sleep. LC ncurons
abruptly emit phasically robust activity 100-500
msec prior to waking. As indicated in Figure 1,
the onc exception to such stage-anticipation in
LC discharge occurs for the PS-to-waking transi-
tion. Rat LC nacurons return to waking activity
cither coincident with or slightly after the cessa-
tion of PS as measured by the EEG (theta activ-
ity). Thus. although anticipatory LC activity dur-
ing most stage transitions is consistent with a role
in generating the subsequent stage, this nucleus
cannot be responsible for the termination of PS
(Aston-Jones and Bloom. 198la; Aston-Jones er

al., 1984; however. sce also Hobson er al., 1975).

We have also monitored discharge of LC ncu-
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Fig. 1. Locus coeruleus (LC) discharge rate during sleep-wik-
ing cycle (SWC) progression. Mean discharge rates for LC
neurons n behaving rats during epochs normalized for the
percentage of SWC stage completion are plotied consecu-
tively for complete SWCs. Note that when paradoxical sleep
(PS)-10-waking transtions are judged by the EEG (main plot),
cellulir activity does not anticipate the transition, and that LC
cannot he the primary agent terminating PS. However. dis.
charge 15 enhanced in anticipation ol these same transitons
scored by EMG criteria (inset). (From Aston-Jones and Bloom.
1981a.)

rons in unanesthetized, chair-restrained primates
(Foote er al., 1980; Aston-Jones et al, 1988:
Grant er al.. 1988). Although these animals do
not exhibit normal sleep and waking under our
experimental conditions, we have observed LC
activity during alertness and drowsiness as mca-
sured by EEG. As described above for rat LC,
monkey LC necurons vary their activity closely
with the-state of arousal. even during unambigu-
ous waking. Thus, periods of drowsiness are ac-
companied by dccreased LC discharge, while
alertness is consistently associated with elevated
LC activity. Also as in rat, such changes in LC
activity preceded the corresponding-changes=in-.
EEG state by a few hundred msec. PS has not
been observed in our chair-restrained monkeys.

Spontancous LC discharge and waking behavior
We further observed that LC discharge is al-
tered during certain spontancous waking behav-
jors. During both grooming and consumpotion of a
glucose solution, rat LC discharge decreases com-
parcd to that in other epochs of similar EEG
arousal (Aston-Jones and Bloom, 1981a). Similar
results were obtained for LC activity it behaving




primates (Grant et al.. 1988). These results indi-
cate that LC discharge 15 reduced not only tor
pueriods of low arousal (drowsiness or sleep), but
also during certain behaviors (grooming and con-
sumption) when amimals are in an active waking,
but mattentive (nonvigilant) state (see below),

LC discharge also varies strongly with orient-
ing behavior, In both rat (Aston-Jonces and Bloom,
1981a.b) and monkey (Foote er al., 1980; Aston-
Jones et al., 1988; Grant er al.. 198R), the highest
discharge rates we observed for LC neurons were
consistently  associated  with  spontancous  or
cevoked behawvioral orienting responses. LC dis-
charge associated with orienting behavior is pha-
sically most intense when automatic, tonic behav-
iors (sleep, grooming, or consumption) are sud-
denly disrupted and the animal orients toward
the external environment (Aston-Jones and
Bloom. 1981a,b). Thus, as found following sleep,
grooming, or consumption, there is close corre-
spondence between spontancous. bursts of  dis-
charge and interruption of automatic, prepro-
grammed behaviors with an increasc in attentive-
ness and vigilance (sce below).

LC sensory responsiveness

In addition to the above fluctuations in LC

spontancous discharge. we found that these neu-
rons 1n unanesthetized rats and monkeys were
responsive to non-noxious environmental stimuli
(Fig. 2a.b: Foote et al.. 1980); Aston-Joncs and
Bloom, [981b). In waking ruts. LC activity i$
markedly phasic. yiclding short-latency (15-50
msec) responses to simple stimuli in every modal-
ity tested (auditory, visual, somatosensory, and
olfactory). Responses were most consistently
cvoked by intense, conspicuous stimuli, though

sporadic responses were also observed for non- -

conspicuous stimuli as well. These responses were
similar for the different sensory modalitics, and
consisted of a bricf cxcitation followed by dimin-
wwhed activity lasting a few hundred mscc (Fig.
2a.b).

While sensory responsivencess was qualitatively
wmitar tor LC ncurons in rat and monkcey. there
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were important differences as well, In rat, any of
a variety of intense stimuli evoked LC responses
in a majority of sensory trials. In contrast, mon-
key LC was less strongly influenced by such stim-
uli, with responses fuding after the first few trials,
However, mare complex stimuli, such as a new
face or a meaningful but uncxpected stimulus
{sce below), was consistently capable of cliciting
LC responses in monkey (Aston-Jonces er al., 1988;
Grant et al., 198R),

More generally, we tound that stimuli effective
in cliciting LC responses were also those that
disrupted ongoing behavior and clicited a behav-
ioral oricnting response by the monkey. It ap-
pears, then, that the differcnce in stimulusere-
sponsivencss in rat vs. monkey LC is closely re-
lated to the difference in behavioral responses
evoked by stimuli in the two species. Compared
to rats, monkeys require much more complex
stimuli to interrupt behavior and evoke an orient-
ing responsg: their LC responsiveness follows the
same pattern,

We quantified this linkage beiween behavioral
disruption /orientation and LC sensory responses
for rat LC ncurons (Aston-Jones and Bloom,
1981b). As illustrated in Figure 2c. _the-largest
responses were clicited by stimuli that caused an
abrupt transition from sleep to waking, with asso-
ciated behavioral orientation. Responses evoked
during unintcrrupted slow-wave sleep were much
smaller in magnitude, whereas no response oc-
currced during uninterrupted PS. In addition to
these results for sleep, we found that response
magnitudes during uninterrupted grooming or
consumption of sweet water were reduced,
whercas stimuli that disrupted such activity and
generated orienting behavior clicited strong re-
sponscs, Thus, there was a strong correspondence
in. rat. as in monkey, between scrnisory-evoked
responsivencss in behavior and LC discharge. and
a common factor for stimulus-responsivity in the
two specics is behavioral disruption and re-orien-

- tation, In sum, in both rat and monkcy. stimuli

that disrupt bchavior and cvoke an oricnting re-
sponse cvoke LC response.
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Habituation of LC responsiveness independent
of habituation of behavioral state did not occur:
response magnitudes for stimuli after 100 or more
presentations were similar to those for initial
stimuli when analyzed for similar behavioral states
:nd orienting responses.

LC neurons in monkeys respond to meaningful
stimuli  during an  “oddball” discrimination /
vigilance task

The above results suggested that the essential
property of stimuli to elicit LC responses was
meaningfulness, so that intense stimuli elicited
responses because their intensity made them
meaningful _but that non-intense, meaningful
stimuli may also reliably elicit responses of LC
cells. To explicitly test this possibility, we have
recently begun recording LC activity in unanes-
thetized primates trained in an “oddball” visual

e ———— .

Fig. 2. Sensory responses of LC neurons are multimodal and
state-determined. Panel a. Tone pip-evoked response of LC
impulse activity in a behaving rat. Upper part is the oscillo.

© scope recording of impulse activity. middle part is a raster

disptay of activity for tone pip tnials ordered consecutively
from top to bottom. and lower part is a cumulative posi-
stimulus time histogram (PSTH) accumulated for S0 tone pip
trials (tone pips. 20 msec durauon, presented at arrow for all
parts of panel). Note phasic activation followed by postactivi-
tion inhibition (the latter is due to feedhack mechanism
within LC) (Aghajaman, 1978: Aghajanian er al.. 1977: Ennis
and Aston-Jones. 1986). Panel b. PSTH of LC activity evoked
by touching the tail of a behaving rat (touch to rostral tail.
approximately as indicated at arrow). Note similarity of this
response 10 that evoked by tone pips in panel a. Twenty-five
trials accumulated in the PSTH. Panel ¢. Bar graph illustrai-
ing mean tone pip-evoked response magnitudes for rat LC
neurons as a function of behavioral state. Note that responses
are greatest for tones that awaken the animal (SWS/W
trials), while tones presented during uninterrupted sleep
(SWS /SWS trials) elicit substantially reduced responses: lones
given during waking (W/W trials) clion an intermediate re-
sponse magnitude, Similarly, stimuli that interrupted groom.
ing or consumption behaviors elicited large response in LC .
activity, and responses were reduced for similar stimuli that
did not interrupt these behaviors. Response magnitude for
SWS /W trials > W /W trials, **P > 0.0008: W /W magnitude
> SWS/SWS mapmitude, * °*P < 00008: SWS/W magni-
tude > mugnitude for all trials combined > SWS/SWS magni.
tude. P < 0.0008 for each: paired ¢ tests were used. (From
Aston-Jones and Bloom. 1981b.)
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g 3. PSTH displays tor a cett in the LC area o1 o behaving
mankey, dlustrating selective response to (red) target simu-
lus Pancis a=c. A response s evoked by the red target simub
tpancl i) but not by correct lever release (panel b or juice
presentation (panel ¢). Increased activity preceding lever and
aice 10 panels b and ¢ correspond to sbimulus presentation,
Panels J and ¢. There 1s no response to the grecn non-larget
light (panel d) or to incorrect lever release to the green
stimulus {panel ¢). Panel {. There 15 no response to low-inten-
sty tone-pip presentation (see text). All stimuli and lever
releases (b) occur at the arrows. Time cabibration = | sec.

discrimination task (Aston-Jones ¢ al, 1988:
Alexinsky and Aston-Jones. 1990: Alexinsky et
al., 1990). The task involves discriminating differ-
ently colored light cues for juice reward. A target
stimulus (3 +) is presented on 10%% of trials,
intermixed in a semi-random fashion. with non-
target lights of a different color (§ - ). Neurons
in the LC area were recorded along with cortical
surface siow waves (averaged event-related po-
tentials: AERPs) and behavioral responses (hits,
misses, false alarms, and correct omissions). While

some cells in the LC area showed responses that

were purely sensory or motor in nature. most
neurons exhibited acuivity specifically linked to
the target stimulus. That is. responses for most
celi. were evoked sclectively by S+ sumuli but
not & - stimt i, bar release or reward (Fig. 3).
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Recordings during reversal triining revealed
that these responses were specifically related to
the meaningfuiness of the stimuli, not to their
physical attributes. As illustrated in Figure 4,
after reversal training neurons in the LC region
reversed their stimulus preference, so that re-
sponses were selectively clicited for the new S +
(previous S =) while responses for the old’_S +

e

(new § =) faded. A sccond period of reversal
training rapidly rc-established the original stimu-
lus selectivity of primate LC neurons. Interest-
ingly, these changes varied closely with behavioral
performance, so that responses to the new S +
increased (and responses to the new S —
decreased) as the percentage of correct behav-
ioral responses to the new § + increased (and
hehavioral responses to the new S - decreased).

In addition, cortical activity exhibited a similar
set of properties. As shown in Figure 5. AERPs
recorded from the frontal and parictal cortices at
latencies of 200-300 msec post-stimulation were
selectively augmented by § + cucs. as reported by

Greon

Yellow

G* vy*

AEVERSAL

———— . e
Fig. 4. A reversal procedure in the “oddhall” discrimination

task reveals reésponses of a putatively noradrenergic neuron in

the LC of a behaving monkey speciin: to meaming ful stimuli,
G PSTT for respunse of a neuron to green (sarget), but

not to yellowtnon-tarpet), stimuli, (c.d) Similar PSTHs for the
same LC ncuron but after reversal training, so that larget
stimuli are now vellow, and non-targel stimuli are green. Note

that green stimuli (¢) no longer clicit responses, white-yellow =~
stimul (d) now ehot a small response. Thus, the response is
selectively elicited by meaningful stimuli, Stimuli at dotied
lines in all panels: bar = | sec,

-
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Fig. 5. Averaged event-related potentials (AERPs: S0 trials)
lor a monkey perfornung the addball” discrimination sk,
recorded from frontopanetat clectrodes, AERDPS b lett were
taken when the target wins green (G + ) and the non-target wis
sellow (Y =) those on the nght were taken for the opposite
sumulus meanings, as indicated. Note that for both vellow and
green sumuli, AERPs were larger when the sumulus was a
target compared 10 11 use as non-target

others in both human (Hansen and Hillyard, 1984:;
Hillvard. 1985; Hillyard and Picton, 1979; Ruchkin
et al.. 198 and non-human primates (see Foote
et al., this volume); there is evidence that these
potentials are similar to " P300" potentials in man
(Pincda ¢t al., 1987, 1Y8R). During reversal train-
ing, the AERPs altered their sclectivity in a man-
ner similar to neurons in the LC area, to become
sclectively responsive to the new § + ., and no
longer respond to the previous S+ (new S ~:
Fig. 53). As with the neurons, these changes in
cortical-cvoked activity followed a time course
that closely paralleled behavioral discrimination
performance during reversal,  ~—

Therefore. there is a close relationship among
neurons in the LC area, cortical activity, and
behavioral discrimination during a task requiring
sustaincd’ attention to sensorv cues (Alexinsky
and Aston-Jones, 1990 Alexinsky er al.. 1990).
These results are consistent with the hypothesis
that LC ncurons function to promote attentive-
ness and adaptive behavioral responding to
changing stimuli (Aston-Jones, 1985). These re-

sults also support the proposal that LC neurons
may be responsible in part for the attention-re-
lated AERPs rccorded in this paradigm. Addi. -
tional evidence for this possibility is found in the

contribution by Foote er al. (this volume). Fur-
ther studies are underway to better define the
role of the LC system in such adaptive bch.lvmml
capacity.

Afferent circuits responsible for discharge
properties of LC neurons

We have recently described the major afferents
to the LC in rodent (Aston-Jones er al., 1986,
1990); we detail these results elsewhere in this
volume (Aston-Jones ¢ al). In brief, major affer-
ents are found in two rostral medullary nuclei.
the paragigantocellularis (PGi) in the ventrolat-
eral rostral medulla, and the area of the preposi-
tus hypoglossi (PrH) in the dorsomedial rostri!
medulla, Our stimulation and pharmacologica;
analvses have revealed that the PGi predom:i-
nantly excites LC cells via an excitatory amine:
acid projection, though inhibitory adrenergic pro-
jections exist as well. Converscly, the PrH po-
tently and purely inhibits the LC by way of GABA
projections,

As a major excitatory input to LC, the PGi is «
natural candidate for rclaying the multimodai
sensory-cvoked activation of LC neurons de-
scribed above. This possibility is supported by the
parallel pharmacological sensitivity of LC rc
sponses evoked by PGi or by footpad (or sciatic
nerve) stimulation. Broad spectrum EAA antago-
nists simuitancously attcnuate both PGi- and sci-
atic-cvoked—responses. while antagonists o
NMDA or cholinergic receptors have no effect on
either response (Ennis and Aston-Jones, 1988).
These results have now been replicated by severai
groups (Chen and Engberg, 1989: Rasmussen and
Aghajanian. 1989a: Svensson et al., 1989 Tufg er
al.. 1989). To test the hypothesis that sciatic-
cvoked activation of LC is mediated through PGi.

~ we (Chiang and Aston-Jones, 1989) recorded LC

neurons while stimulating the contralateral foot-
pad subcutaneously to activate the sciatic nerve,
and slowly infused lidocaine (100-400 nD) into the
PGi region. Such lidocaine infusions consistently
blocked responses of LC ncurons to sciatic nerve
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g 6. Locat micraimntusion of hdocame into piragigantoceiiu-
taris (PG antenuates sensons response o an LC neuron.
Upper panel. PSTH taken 2 nun hetore micrmmection. Note
npcal eaaitavon eliciied by simutation of ive rear tootpad
thor scatic nerve achivation, at arron ) followed by poatactiva-
tion inhitution, which typicathy tolowsl LC neurdnal excitae
non. Middie panel. PSTH of this ncuron M see atter hdocaine
128 ab 27 solubon) wias macrosntused into PG Note aboh-
ton ot respomse to tootpad stimulation. Lower panel. PSTH
of this LC nearon 10 min atter aucramtusion Note ‘partial
recovery 0! response to tootpad stimulshion. Stmulation tor
all PSTHa = 2 maA, 1.8 ms pulses. presented at 0.5 Ha, Each
PSTH 18 0 coitezchion of 8O sbmub Ssmilar atienuation of
saranic-evoked LO activaty was obtained with microimections
of GABA or a Mn/Cd “synaptic decouphing” solution into
PO, (From Chiang and Aston-Jones, 1989.)

activation (Fig. 6). Similar intusions of GABA, or
of a synaptic decoupling selution, 10 mM Cd**
plus 20 mM Mg* * (to antagonize Ca*" effects
and prevent transmitter release). produced simi-
lar attenuation of footpad responses in LC neu-
rons. These results indicate that PGi forms a
cnitical synaptic link in this sensory response! It is

s
, -y

noteworthy that electrolytic lesions of the PGi
arca by others have failed o block sciatic-evoked
activation of the LC (Rasnwussen and Aghajanian,
1989a). This result may reflect topographic speci-
ficity within the PGi for LC-projecting ncurons
that mediate responses to sciatic stimulation. In-
deed. infusions of lidocaine. GABA or the
Cd~"/Mn " solution were all most effective
when injected into the ventromedial retrofacial
PGi arca (Chiang and Aston-Jones, 1989). There-
fore, electrolytic lesions of the PGi that spared
this ventral, juxtaolivary region may fail to attenu-
ate this sensory response of LC neurons.

Further experiments are underway to test the
hvpothesis that other modalities of sensory re-
sponses in LC are also mediated by EAA inputs
from the PGi. Indeed. experiments by others
huve found that the EAA pathway frem PGi to
L.C mediates the LC response 1o systemic nico-
tine administration {Chen and Engberg, 1989:
Engberg. 1989), while we (Akaoka er a’., 1990,
1991) and others (Rasmussen and Avrhajanian,
1989b) have found that hyperactivity of LC cells
during opiate withdrawal is also mediated by this
medullary atferent,

Effects of excitatory amino acid antagonists on
morphine withdrawal behaviors

It has long been known that LC ncurons are
hyperactive during morphine withdrawal (Korf et
al.. 1974; Aghajanian and Wang. 1987). In 1983 it
was found that this hyperactivity does not occur
in a slice preparation of LC neuronstANd#ade ‘et
al., 1983), This indicated that withdra-val hyper-
activity of LC neurons was net a consequence of
altered opiate mechanisms within the LC, but
instead may reflect a change in afferent control
of the LC. Qur recent studics revealing major
afferents to the LC from the PGi and PrH sug-
gested that onc of these inputs mav generate
opiate withdrawal hyperactivity in the LC
(Aston-Jones et al.. 1990). Indeed. Rasmussen
and Aghajanian (19839h) have found that lesions
of the PGi. or antionism of the amino acid
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pathway from the PGi to the LC. blocked the
morphine withdrawal-induced activation ¢ the
LC. We (Akaoka er al.. 1990, 1991) and others
(Tung er al.. 1990) have confirmed their results
As LC may play a role in certain opiate with-
drawal symptoms, these results indicated that
EAA antagonists may be effective in attenuating
the opiate withdrawal syndrome. With this possi-
bility in mind, we studicd the effects of several
EAA antagonists during withdrawal from mor-

phine. Rats were pretreated continuously for 6
davs with morphine dclivered from chronically
implanted osmotic minipumps (Alza Corp.; 34
mg/kg/day). Animals were then given an EAA
antagonist or vchicle and subscquently adminis-
tered naltrexone (1 mg/kg, ip) to precipitate
withdrawal. Scveral behavioral indices of opiate
withdrawal were scored, including jumping, wet
dog shakes. hcad shakes, teeth chattering, chew-
ing, diarrhea, rhinorrhea, lacrimation, ptosis, and
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Fig. 7 Effects of EAA antagonists on naltrexone-precipitated morphine withdrawal behaviors. Rats tn = 2 for each drug tested)
were administered morphing continuously over b days via osmotic minipump implanted subcutaneously. All drugs were adminis-
tered 1cv 5 min before nalirexone iection (1.0 mg/kg. ip). The broad spectrum EAA antagonit kynurenate (11 mmol to produce
about 32 mM in CSFY Aevano.T-aitroguinoxahneg. 2. 3-dione (CNOQX) (3.5 nmol to produce about 10 mM CSF). the specific
VMDA antagonist 2-amine-$-phosophonopentanoate (APS) (20 nmal 1o produce about 37 mM in CSF). and the more potent
NMDA antagonist CGSIY788 (12 nmol to produce about 3.5 mM in CSF). as indicated. all showed the ability 10 increase escape
hehavior and wet shakes above control levels. but did not affect other withdrawal signs such as head shakes, vral behavior,
darrhea. rhinorshed, facrimation, ptoss, and piloerection. Higher doses of each drug wsually produced ataxia. Overall, none of
these antagonists were etfective in reducing signs of behavioral withdrawal. Approximate concentrations i CSF were calculated
using a value of 350 mi for CSF volume. (From Ennis and Aston-Jones, 19K8.)




piloerection. Results tor some of these measures
are summarized i Figure 7. Naltrexone alone. or
with the vehicle control instead of an EAA antag-
onist, consistentdy clicited robust withdrawal in
all of the behavioral measures. However. none ot
the EAA antagonists tested by intracerebroven-
tricular  Giev) (kynurenate, 2-umino-3-phos-
ophonopentanoate (APS), 6-cvano-7-nitroquinox-
aline-2.3-dione (CNQX), or CGS19755 (Lehmann
et al. 1988)) or intraperitoneal administration
{CGS19755) had consistent effects on maost of the
withdrawal signs. The only signs that were at-
fected in these studies were jumping and wet dog
shakes. both of which appeared to be incrcased
by each of the EAA antagonists given jev (Fig. 7);
further studies are needed to confirm these carly
results.

Overall, these results clearly indicate that EAA
antagomists ot either the NMDA or non-NMDA
receptor do not prevent naltrexone-precipitated
withdrawal from morphine. Thus. central EAA
neurotransmitters may not be importantly in-
volved in these withdrawai signs. Also. LC hyper-
activity during this state is attenuated by kvnure-
nate (Rasmussen and Aghajaman. 19890 Akaoka
et al., 1990 Tung ef af.. 1990) or CNQX (Akaoka
and Aston-Jones, 1991) this indicates that at
fcast these components of the morphine with-
drawal syndrome arc not dependent on LC hy-
peractivity, This 15 consistent with observations
(Britton er af., 1984} that fesions of the ascending
NE projections from LC do not attenuate such
hehavioral signs of oprate withdrawal. Although
LC may not mediate these behavioral manifesta-
tons of opiate withdrawal, its hyperactivity may
be important for other withdrawal phenomena.
Additional studies are needed to determine what
components of opiate withdrawal are imduced by,
or are dependent upaen. the hyperactivity seen in
[.C ncurons.

Effects of prefrontal cortex stimulation on LC
activity

While these results seem adequate to expiain
certain properties of LC neurons, other charac-

St

teristics do not it easily into this framework. In
particutar. it 18 difficult 10 understand how inputs
from onlv two medullary structures could be re-
sponstble tor the sclective responsineness of prr-
mate LC ncurons to meanmingtul stimul during
discriminiiion behavior wdeseribed above). Such
complex behavior is generally associated with cor-
tical structures, vet there were no corucal inputs
1o LC 1n our tract-tracing anaivsis.

The pretrontal cortex (PFC) has been linked
previously with high level cogmtive and atten-
tonal processes. Others (Arnsten and Goldman.
19¥3) have reported projections to the LC area of
primates trom the PFC. Although there were no
retrogradely labeled cells in cortex following in-
jections of tracers into LC, we examined descend-
ing projections of the PFC i rat using antero-
grade transport ot WGA-HRP trom the medial
PFC (Chiang ¢t al., 1987). Such injections vielded
remarkably specitic innervation patterns in the
dorsal pons, with dense innervation of the central
grey rostral and medial to LC but no fibers or
terminals within central LC proper. As described
in Aston-Jonces ¢ al (this volume this region is
denscly innervated by extranuctear dendrites of
LC ncurons. These resuits contirmed those re-
ported tor monkey (Arnsten and Goldman, 1984).
and indicated that PFC could influcnce LC ncu-
rons via inncrvation of distal extranuclear den-
drites, or less directly by innervation of neurons
in the pericocrulear region that, in turn, may
innervate LC or its extranucicar dendrites (sce
Aston-Jones er al.. this volume).

To examine the effect of PFC acuvity on LC
ncurons, we (Chiang er al.. 19Y87) sumulated the
medial PFC while recording single LC ncurons in
anesthetized rats. The most consistent response
of LC necurons tollowing cortical stimulation was
antudronue activation (9 of 27 cells). as expected.
In subsequent subjects, 6-hvdroxvdopamine was
infused into the midbrain dorsal noradrenergic
bundle | week prior to expeniments to lesion
ascending LC projections and climinate this con-
founding ctfect. As illustrated in Figure 8a. low-
trequency stumulation of PFC in such animals
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Fig. & Tran. but not low-trequency siimulation, ot prefrontal
cortex potently activates LC neurons. PSTHs 1llustranng re-
sponses of LC{ and ¢ and lateral dorsal tegmental neurons
(th) to stimutaaon ot pretrontal cortex (PFCx) in rats. Panei a.
PSTH showing response of an | C neuron o PECY stamulation
at 0.5 somulizsec (F 0 mA) Twentv-three of S8 cells exhibuted
weak exctation gt reiativedy long Kitencies {mean onset = 41
meec) In additon. ¥ 3N Cltis were weakhy mibnhited at long
LHERCES (mean onsel = 65 misge. ol shown) Foriv-tour pere
cent ot LC neurons exndhiaed ao response (o PECY stimula-
ton. Panel b PSTH using sumilar sumulation but recording
from 3 cell in the lateral dorsal tegmental nucicus (LDT)
where anterograde label v seen trom PFCCinections. Note
the more robust. shorter Liteney exaitatory response Panel ¢
Train stimulation of PFCy (1 pulses at 20 H7) consistently
produced sigmificant activation ot LC neurons €55, 64 cells:
mean onsel = 120 maee, mean duraion = 227 msec). Taken
tegether. these data are consistent wilh an indirect o distal
dendritic influence of PECx an LC neurons Stumualaton at
arraws 0 all PSTHN, 30 sweeps o pancis o and b, and 28
sweeps in panel ¢.

vielded onlv weak ctfects on 2358 [L.C neurons,
and no significant etfect on the rematming cells,
In contrast to this weak influence on LC neurons,

Figure 8b shows that similar stimulation of PFC
potently activated cells in the laterodorsal
wegmental nucleus. 1n the same area that was
heavidy  labeled by anterograde  transport of
WGA-HRP (described above) This indicated that
the PEC was preterentiatly intfluencing neurons in
pericocrulear areas that are densely innervated
with PFC fibers and terminals. and only weakly
(perhaps indirectly) influencing LC neurons.

Consistent with this possibility, in additional
experiments we found that train stimulation of
the PFC activated LC cells much more potently
than single-pulse stimulation (Fig. 8c). In addi-
tion. we found that infusions of the local anes-
thetic, lidocaine. into the PGi partially attenuated
the influence of PFC stumulaton on LC (Chrang
of al.. Y987). These results suggest that cognitive
activity at least partially accesses the LC indi-
rectly through the PGi: additional influence may
also arise through possible connections onto dis-
tal dendrites or local "interncurons™ in the peri-
coerulcar region.

These results, together with those indicating
that PGi mediates at least some  sensory re-
sponscs of LC cells, indicate that brainstem con-
nections play an extremely important and broad
integrative role in regulating the outtlow of the
LC broadcast system. In addition. the cellular
charactenistics ot these muajor  afterents (sum-
marized below) shed additional light on LC func-
non. and how adaptive behavioral responses to o
changing sensory environment are generated.

A view of LC function based on cellular
attributes: the vigilance 7 response initiation
hypothesis

As outhned at the begimmmnge of this article. a
cellular anawtomic and phyaiological understand-
ing ot the LC system requires knowledge of (1)
the cllerent projections of LC neurons, (2) the
citects of NE released from LC terminals on
target neuron activity, (3) the conditions under
which LC ncurons are active and releasing thor
transmitter, and (4) the tactors controlling LC




discharge. When vicewed together, these cellular
properuics have broad functional impiications.

First, the widespread ctterent traectory ot the
LC system implies that its tunchon s a4 serny
global one, with physically distant and tunction-
dlly disparate brain areas receiving innervation
from (often individual) LC ncurons. This notion
v underscored by our physiological studics. re-
vealing that LC neurons arc markediv homoge-
ncous in therr discharge characterisucs: tor exam-
ple. LC neurons throughout the nucleus exhibit
very similar rates and patterns of spontaneous or
sensory-evoked impulse activity (Aston-Jones and
Bloom. 1981a.b). Thus. our data. in combination
with the “tferent anatomic resuits reviewed above.
indicate that robust LC discharge results in glob-
aily syachromized release of NE onto warget neu-
rons located throughout the neuraxis.

Postsynapticallv. NE influcnces target ¢ells so
ds 1o reiatively promote responses to other. strong
atterent input while reducing spontancous or
low-level activity. Such an ¢nhancement of post-
svnaptic “signal-to-noise”™ ratios can lead to in-
creased selectivity of target cell discharge to favor
specific aspects of their response profiles, as dis-
cussed in this volume by Waterhouse. Woodward
and others.

In the context of these previous hindings. the
specitic conditions of LC actnation in unanes-
thetized behaving animals [ead us to an hypothe-
siv tor LC function. suggesting a role of this
svstem mn the control of vigilance and imtiation of
adaptive behavioral responses {Aston-Jones and
Bioom. 1981a.b: Aston-Joncs e¢r ul. 1984). We
have proposed that the LC s strongly influenced
by two genceral classes of extrinsic atferents weadh
possiblv derived from two or more separate groups
of neurons): excitatory inputs mediating sensory-
cvoked (or state transition-related) acuvity in LC
neurons. and a more tonically actwve set of in-
hibitory afferents serving to modulate vverall LC
cxcitability in accordance with the vigilance state
associated with the concurrent behavior. The
more recent findings that PGi and PrH are major
excitatory and inhibitory afferents to LC suggest

13

that they may provide these wo cliasses of inputs:
however. turther work s necded to tust this poss-
hility.

The level of LC activity at any time may be a
consequence of the relative influence of each of
these two classes of inputs. Strong tonic inhibi-
tion (such as found during PS) could serve to
prevent LC ncurons tfrom responding 1o environ-
mental stimult during this state, so that LC inac-
tivity permits PS to occur. Comversely. we pro-
pose that ntense LC acuvity interrupts auto-
matic. internally driven or vegetative behaviors
(such as sleep. grooming. or consumption} that
are incompatible with phasic. adaptive behavioral
responding and 1instead engages a mode of activ-
itv characterized by a high degree of vigilance
and interaction with diverse environmental stim-
uli. This theoretic framework is consistent with
our observation that LC acuvity 1v most intense
just before interruption of low-vigilance behaviors
such as sleep. grooming or consumption. giving
risc 1o alert orienting behaviors.

Intense LC activation may occur when either
tonic inhibition of LC ncurons (engaged tor auto-
matic or vegetative behaviors) has suddenly de-
creased. or when excitation impinges on these
cells {in response to a strong. unexpected sensory
cvent) that s sutficienthy intense to overcome
concurrent tonic imhibiton mputs. Conversely,
fow vigilunce programs may prodominate n be-
havior when erther LC discharge v cffectively
inhibited trom responding to uncxpected external
<timuli, or when strong unexpected stimuli are
nat present in the environment. In this way, the
LC may serve as a gate to determine the relative
influences ot two mutually exclusive scts of be-
havioral programs. In general terms. the LC may
tunction to intfluence the overall onentation of
bechavior or mode of sensorimotor activities, 1o
favor either automatic, vegetative behavioral pro-
grams. or phasic adaptive responding to salient
cnvironmental stimuli.

An alternative. but equinvalent. expression of
this proposed role for the LC in the regulation of
vigilance is o role in the mmuauon of adaptive
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behavioral responses. Pronounced LC activity s
assocrated with abrupt attenuon to external sum-
ub, which tsell immediately precedes. and is a
necessary component of, imttation ot adaptive
motornc response to salient external suumuh. Thus,
i our analysis, the L.C can logicaliv tit into cither
SENSOY O MOLOr tunctions, as 1t is not solely or
directly related 1o cither. Analvss of LC function
in terms of state regulation is an alternative, and
perhaps more appropriate, tramework.

This overall hypothesis of LC function can be
stated in more abstract terms of nervous system
operation. One view ot heightened vigilance {e.g..
startle, awakening, or sumufus-cvoked disruption
of ongoing behavior) is that this state is associ-
ated with contlicting patterns of neuraj activity,
hrought about. for example. by a disrupting stim-
ulus that is inconsistent with (conflicts with) the
sct of stimuli that are predicted or expected to
accompany the ongotng behavioral paradigm. The
ensuing state ot heightened vigilunce consists, in
this view (Fuller and Putnam. 1906). of a set of
behaviors aimed at reducing or resoiving this
contlict, so that impinging stimult are once again
predicted by bchaviar, The mode of achieving
this resolution involves investigating or exploring
different behaviors in the amimal's repertoire (that
may have had a weak relauonstup to a similar
stimulus in the past). This “internal exploration”
activity can be hikened to a random scarch pro-
coss. exploring the ficld ot posable hehavioral
responses (o the uncexpected stimulus cvent. In
our hypothesis. illustrated in Figure Y. robust LC
discharge accompanying such a stimulus would
cagage a random scarch process by terminating
ongoing tow-vigilance activity and rcurranging
necural priorities via enhancement of signai-to-
noise ratios of target neurons. This latter etfect
would result in preterenual transmussion of ner-
vous antormation concerning sahient stimuli and
events, thereby tavoring responses to the most
urgent current stimubt. This proposed role of the
LC as a random scarch generator is consistent
with (and s simply a restatement of) the pro-
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Fig 9 Schemanic illustrating proposed role of LC sysiem as o
random scarch generator. Lett panei. Stahle hehavior repre-
sented by self-reimnforcing (self-consintent) aearal loops repre-
senting ditferent aspects of a senson-mator ensembie tor g
particutar set ot stimubi. Mddle panet. An unexpected. mean-
inglul stimulus aceurs that activates LC tvia PGiar prepositus
hvpogloss (Prid)) The global release of norepinephrine trom
F.C terminals suppresses fow-icvel non-drven activity in neu.
vl loops or eelatnvely enhances responses 1o phasically sfrong
mputs, destabilizing and disrupting current ongomng hehavior
This destabilized state by detauit “searches™ for circuns that
are sutficiently selt-remforcmg and selt-consstent 10 estabhish
4oaew st at sable neural foops Rieht panel. Activity drinen
bty the currenthv stropgest senson events Gand associated
MmOtor acIs) esbabbishes g new steads state condition of stable
acural loop wcinaly tepresenting o new hehavior or state.

posed roles in vigilance regulation and adaptive
response initiation,

Functional imphicanions ot major imnervation of LC
by PGiand PrH

The new findings concerming atferent controi
of LC described here and in Aston-Jones er al.
(this volume) have led to advances in understand-
ing other properties of this system. One example
is from the work of Engberg and colleagues wha




tound several years ago that systemic nicotine
potently activates L.C neurons v an unknown,
mdirect anfluence tEnebere and Svensson, TS,
Svensson and Engberg, 1Us0r Recent work has
found that the PG the entical Tink e tas
response. Therr evidence mdicittes that mcotine
stmulates perntpheral sensory  (presantitbiy - vise
cerald afterents which i turn activate the exata-
tory amino acid pathway from PGt to LC (Hajos
and Engberg, 1988: Chen and Engberg, 1989:
Engbcrg, 1989), These results, and the close con-
nection of PGi to viseeral stimuli (via, g, vagal
mputs 1o NTS to PGH indicates that other drugs
may alteet the LC ina similir way, and suggests i
new pathway far some psychopharmacological cf-
feets, One other example of potent drug clfects
on LC neurons that has been tound to be medi-
ated through the PGi s hyperactivity of LC neu-
rons during withdrawal from morphine. described
abose. Such knowledge of the mechanisms of
drug intluences on LC neurons as o signtheant
advance as it opens the way for modulation of
these effects, which are thought to be important
for the psychological and bchavioral impact of
many systemically administered drugs.

The recent findings for major afferents to LC
trom the PrH and PGi have also prompted us to
cxtend our theoretic framework to include func-
tional attributes of these rostral medullary re-
gions. as described below (Aston-Jones® er al.,
1990)).

he PrH is classically known to be a preoculo-
moter arca. 1t has strong projections to oculomo-
tor nuclei of the brainstem and many of its cells
discharge closely in relation to ¢ye movements
(Baker, 1977, McCrea_ et al., 1979; Brodal, 1983;
McCrea and Baker. 1985). However. as illus-

trated in Figure 10, this nuclcus also has conncc-.

ttons to pinnac motor arcas (Henkel, 1981) and to
vestbular nuclei that influence head movement
(Cazin et al., 1982, 1984), Also, many PrH ncu-
rons cxhibit activity that does not readily fit into a
strict oculomotor framework™tLopez-Barnco ef
ul, 1982 Lannou er al., 1984), It is important to
note that the LC-projecting neurons in PrH are
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Fig. 10. Functionut attributes of the PrH. Many PrH neurons
project to brain areas associated with ocular, pinnae and head
mavements, all components of orieating behavior. Thus, stim-
uhl that are sutficiently intense to elicit an orienting response
may do so in part through PrH circuitry. which at the same
time may participate in the activation of LC at such times.
This mode! predicts that LC-projecting neurons in PrH would
decrcase activity during orientation and release LC from tonic
inhhition. Thus. LC would be disinhitited and prepotent for
responding to stimuli at the same time that sensoria are
oriented towards the most sabient stmuli, helping to increase
attentiveness ta such stimuli. U is important to note that many
aspects of this madel remasn to be tested

restricted to the medial and perifasicular aspect
of this nuclcus, and that the PrH has received
little attention in the rat. These propertics, and
the fact that the medial PrH is a major input to
the LC, may indicate a somewhat broader func-
tion for the PrH (or, in_particular, those PrH

neurons-that inncrvate the LC) than only oculo-

motor control. In an admittedly conjectural view,
the PrH may be concerned with the initiation and
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coordination of  holistic ornientation  responses,
rather than just the ocular components. In this
framework GlHlustrated in Fig. 10). unexpected.
urgent stimult may mfluence the Pri to ti) orient
the sensoria towards salient stimuli, and (i) coor-
dinate other central processes important in gen-
erating adaptive responses o imperative stimuli
(e.g.. increase LC excitability). As the PrH po-
tently inhibits the LC via a GABA pathway (En-
nis and Aston-Jones, 1989), this model predicts
that the robust LC activity accompanving orient.
ing behaviors results, at least in part, trom disin-
hibition of LC from PrH (Aston-Jones ¢ al.,
1990),

The PGi is a key sympathoexcitinory brain
region, sending strong projections to directly in-
nervate preganghonic sympithetic neurons in the
spinal cord (Milner et al., 1Y88: Ross ¢r al., 1981
Ruggiero er al., 1985). Thus, it is an important
brain region for preparing the body to respond to
urgent stmuli in the environment (defense re-
sponsc, “fight or tlight™ response) as sympathetic
respor 2s to such stimuli may be mediated, at
feast in part, through this arca. As such unex-
pectec or urgent stimuli are also the most reliable
stimul: for activating LC ncurons in rats or mon-
keys (¢ :scribed above). this function for the PGi
sugges .« that it may be imvolved in activating LC
ncurors as well as pernipherat sympathetic neu-
rons in -esponse to such stimuli. In faet. there is a
remarkabie temporal correlation betwicn evoked
LC d-scharge and sympathetic neroz  activity
(Elar er al. 1981, 1984, 1985, 19¢7:- Reiner,
1986). This led us to test whether sensory re-
spons-s ot LC ncurons are mediated thirough the
PGi. Indeed. as described above, we tound that
blockade of the EAA pathway from the PGi
climinated responses o sciaticnerve activation
(Aston-Jones and Ennis, 1988: Ennis and Aston-
Jones, 1988), as did disruption of synaptic trans-
mission within the PGi (Aston-Jones and Ennis,
1988: Chiang and Aston-Jones. 1989: Aston-Jones

et al., 1990). Thus, as illustrated in Figure 11, it

appears that the peripheral sympathetic system is
activated in parallcl with the central LC system
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Fig. 11. Functional attributes of the PGi. The PGi is a key
sympathoexcitatory region. reflecting its sirong con.:¢cltions 10
sympathetic preganghionic nearons ot the intermediotateral
cell column (1ML of the spinal cord. 11 s known that stimuly
that activate the peapheral ssmpathenie system o activate
the 1O (e texth we propose that this cosactivaton reflects
parallel projections from PGioto IMLE and LC Thos, acina-
ton of the penpheral sympathetic ssatem prepares the amimal
physically for adaptive phasic responses 1o urgent stimuh,
while parallel activation of LC increases vigilance and atien.
tiveness. prepanng the aninias cegnitively for adaptive respon.
stveness to such stimub. B proposed that LC serves as the
cognitive limb of the global sympathetic nervous system. and
that cognitive and peripheral sumpathetic responses are inte-
grated and coordinated through PO

by projections to both from the PGi arca. Prelim-
inary studies indicate that projections to sympa.
thetic ncurons and LC arise from separate but
intermingled cells in PGi. Nonctheless. the PGi
appears to be a key arca for integratioh—and
coordination of activities in the LC and the symn.
pathetic systems.



This analysis of the PGi has led us to extend
our hypothesis of LC function. from serving to
control vigilance to acung as thetognitive limb of
a global sympathetic system. serving 1o optimize
the anmal’s behavioral state v heghtened at-
tention to environmental stimuli) for making
adaptive decisions concerning phasic behavioral
reuponses at the same time that the peripheral
sympathetic system prepares the animal physi-
cally to exccute phasic responses to urgent stimuli
(Fig. 11).

Org possible. though admittedly speculative,
extension of our recent rescarch concerns the
naturc of neural processing necessary to specify
unexpectedness or novelty. The stimuli that best
activate LC ncurons possess the attributes of
unexpectedness or novelty, and typically cause
both a sympathetic and behavioral orienting re-
sponse. By investigating the circuits whereby sen-
sory stimuli are processed and transterred to PGi
for activation of LC, we will begin to elucidate
the ncural mechanisms that are used to compute
the stimulus qualitics of cxpectedness, novelty
and urgency. This has broad implications for ncu-
rabiological studies involving attention, stimulus-
gating and preparatory hehavioral set,
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Acute morphine induces oscillatory discharge of noradrenergic locus
coeruleus neurons in the waking monkey

Gary Aston-Jones. Janusz Rajkowski. Piotr Kubiuk and Hideo Akaoka

Divison ut Betavioras Neurobology, Departmeny of Mentat Health Saences. Hahnenwann Cmiversiy: Medical School. Broad and Vine, Philadelphia, PA
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(Revenved 27 Novemner 1991, Revised version received 28 Februaey 19920 Aceepted 12 March [992)
Acvworgs Umit recording. Waking primate. Norcp{r'\?phnnc; Opmte abuse: Locus coeruléus, STorphine

Neurons were recerded extracetulardy from the locus cocruleus (1.0 of a waking, chanr-restramed evnomaolgus monkey hefore and for 0.5 4 hafter
rramusCuiIr imections of morphine sultate 10 3 10 me hgr Tomwe discharge of cach LC neuron 1ested 1 = H decreased after morphine injection,
Sos elect appedred to be dose-dependent far the range ot 03 3 0my kg Unexpectediy, these siamie doses of morphine alss induced @ pronounced
Soabpaune disharee pattern i all LC seurons recorded  Thus, wheredas i the naonve anmmal pauses i discharge Jonger than 3 s were rare ‘1‘.‘.’2!‘5
wanine, giter morphine imection LC neurons trequentis exhibiied pauses n impulse actnats of 10« or longer duning non-drowsy waking. The bursis
1 activiny tolloning morphine correspanded to orienimg behasiors or apparent aleriness, wher2as pauses were associated with eve clasure or slowls
dentng paze Uloser anabvas revealed that this burstepiuse activits pattern wis somew hat regubar, with 3 period of about 13 334 This observation
savconiirmed my autocorrelogram aniatysis [nview of prevanus findings in rodent LC. we saggest that acute morphine elicits a duil effect on primate
LC neurons, inmibition of discharge by direct eHects on opute receptors located on L cells. and periodic phasie activation medusted by excitatory

afterents to the LC

Several tindings indicate that the noradrenergic ncu-
rons of the brain nucleus locus coeruleus (LC) may be
important mediators of the etfects of exogenous oprates.
LC neurons are heavily anvested with opiate rc'ccpmrs
(predominantly of the u subtype: {12, 25, 30 and ex-
ogenously applicd oprates potently inhibit impulse activ-
ity of LC neurons [3. 6. 14, 16, 32, 34]. These tindings.
cembined with the many roles proposed for this ubiqui-
tous noradrenergic system [7.9 11, 6], have led to pro-
pusals that the LC systern mediates several effects of opi-
ates. For example. the LC has been proposed to play an
important role in analgesia {23]. so that oprate actions on
L.C neurons may be one avenue for optate-induced anal-
gesia. Sumilarly, LC has been proposed to play a central
role in regulation of behavioral state and alertness [7. 9).
‘unctions markedly altered by npf:ncs M {Mmanner con-
sistent with mediatton through the LC ssstem. Finallv, a
host of studies indicate that heightened LC discharge
Jduning opiate withdrawal may mediate various symp-
toms ol the oprate withdrawal response [18. 19].

While several experiments have found that morphine

——

Careespondence .G Aston-Jones, Division of Behiuvioral Neurobwl-
ogy. Department of Mental Health Sciences, Hahnemann Umveraty
Medical School, Broad and Vine, Philudelphia, PA 19102, USA.

directly apphlied 10 LC neurons hyperpolunzes these cells
(6. 14. 34} or inhibits their impulse activaty [4. 16, 32].
studies using systemic morphine in unanesthetized ami-
mals have been less consistent. In unanesthetized rat.
Valentino et al. [32]) found that intraventricular mor-
phine inhibited LC discharge while Rasmussen et al. [27]
reported that intravenous morphine increased tonic LC
discharge in cat. However. there have been too few stud-
ies of morphine eflects on LC ncurons in unanesthetized
animals to resolve such contlicts, and no such studies in
primates.  Therefore, we vestigated the effects of
acutely administered morphine on discharge of LC neu-
rons in the waking. chair-restrained cynomolgus mon-
key. Our results reveal that morphine acutely decreases
LC discharge but simultaneously increases periodic
bursting of these neurons [26].

© A male eynomolgus monkey (Macaca fasicularis, ap-
prox. 5 kg) was habituated to chiir restraint and trained
to perform a visual discimination task (S, 8. Subsc-
quently. during sterile surgery chronic clectrode holders
were affixed to the skull bilaterally for recording impulse
activity of. LC.neurons. along with a post for fixing head
position. The electrode holders consisted of a cylinder
which held a guide tube (18 gauge) stercotaxically di-
rected at the LC. One or two microwire recording elec.
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trodes (23 um dameter. factors premsulated) were
placed i a 26 pauge mner cannula and wserted through
ene ot the gunde cannukie 1o record impulse activty ol
LU nearons The recording electrode mner cannuba wis
attached to o serew-driven microdrive which allowed
dorsoventral mosement in imcrements of approximately
<t am. The recordmg microwire extended approvmatels
T mm below the ewde and inner cannuatae when posi-
taned in tie LC An FET-preamphitier attached 1o the
muwradrine provided a lowampedance microwire record-
g stznal, which was ted via overhead cables to conven-
nomal filters and amphtiers. LC neurons were tentatively
localized during recording sesstons by their chiracterstic
discharge properues, including slow impulbse activity
tabout 14 spikes syomarkedly decreased tome actinaty
Jduring periods of drowsiness. and biphasic exaitatory
mhubitory responses to novel sumub {13, To, 20). The
posthon ot the guide tube could be adjusted alter sur-
gery, so that multiple penetrations through different ros-
trocaudal or mediolateral positions were possible with
one implant

Dunng recording sessions, the ammial was placed m
customized conttortable primate char mside o large
sound-attenuating chamber, and his head was flixed n
place by an overhead arm attached to the head-mounted
fixatton post The anmmal adapted riapidly to this re-
strnnt. never showed signs of resistance or antigonistic
behavior. and usually chmbed voluntuntly trom his cage
to the chanr Pupil size and eve movements were observed
v an mirared video camera posiioned near the orbit
and video monttor outside the environmental ¢hamber.
Betore morphune imections. the animal performed a vis-
ual diserimination tisk for another evperiment |5, K|
rdata not shownr The ammial typrealls stopped performs-
ing this task sharthy alter morphine imechon

Morphine sulfate was dissohved 10 saiime and ijected
mtramuscularhy Gn 04 0.8 mboym into neck muscles)
while the smmal was distracted by presentation of or-

ange-flavored pce. Tnjections ehiented hittle or no distress,

from the ammid Dacharge of a single 1O neuron was
recorded Tor at feast 30 min betore cach morphme ingee-
von. and lor 30 nmun 4 h atterwards One mpechon only
was muatde per dov and per cell and mpections were

spaced apart byt deast 5 days tusually longer: averige

mterval between njections = 208 d.mi The order of
Joses was varied 0 a semi-random Hishion

sprke data were contimuoushy collected on compaier
disk and anals z¢d olf-hine 1Cambridye Electrome Design
1301 intertace. Spike 2 software). Meun tomie discharge
rate was calculated in 300 s bins. Other data were ana-

“lyzed from discharge trequency plots: these are plots of

the mean discharge rate for an individual neuron during
the 10 s interval preceding cach spike,

At the end of the Last recording session tor each henu-
spheres i 1 a0 A 30 sy was passed through the tp
ol the microw ire recording electrode to mark its position
of LC. The monkey was sacnticed by pertusion under
deep nembutal anesthesia 2 and 10 duys alter marking
lestons. Frozen sections (30 gm thickness) were taken
through the LC. alternate sections were stained for Nissl
(Cresv ] violet) or with an antibody agianst tyrosine hy-
droxylase (TH: Lugene Tech mouse monoclonal: ABC-
peroxidaser—Rerording sites were estimated by compir-
g the depths noted during recording sessions with the
locations of the marking lesions in cach hemisphere, All
Jdata reported here are from recordimgs presumed to have
been obtiuned from noradrenergic 1O nearons based on
() histologie location near or within the=monyor-4-H-
positive LC neurons, und i) discharge features charie-
teristic of noradrenergic LC neurons in previous studies
(>ee above).

The discharge of 11 LC neurons was recorded betore
and alter varous doses of morphine (r = 3 for 0.3, Fand
Tmg kg a - 2 for 10 mg gy The dtlects of morphine
were similar from eell o cell i this population. and the
results given below are typical. ‘

Murphine decreased the rate of tonie discharge of cach
LC neuron tested. The rate-depressing etfect of mor-
phine appeared to be ime- and dose-dependent in the
range of 0 3 3 myg kg (kig 1) There was an overall sig-
miticant effect ot tme and dose on mean tonie discharge
rate (F = 3320 P < 001 ANOVA with repeated measures;

Morphme mwetions had profound etfects on behan -
wr, which varied with the dose given. The lowest dose
(0.3 mg kg) arrested performince on the discrimimation
task and ginve rise 1o epochs (10 60 < tong) of fixed or
stowh drifung gaze while the pupil diameter osallated
widely. The highest dose (H) mi b e periods of
apparent drowsmess. when the anmual closed his eyes for
1030 s and was immobile. Doses of 1 mg kg and 3 mg
kg caused episodic behavioral sedition intermediate be-
tween these states. with profonged periods of immobility
and fised or dnfing gaze and pupil huctuations, but no
ar onby occastonal epachs of eve closure.

In addition to decreased average discharge, we were
surprized to observe that after morphine LC neurons
consistently exhibited marked bursts of activity inter-

“mixed With prolonged t10 s or Jonger) pauses in dis-

charge: LC neurons did not exhibit such burst-pause ac-
tivity patterns m the absence of morphine (Fig. 2). While
difficult to quanuity, this burstepause achivity pattern ap-
peared 10 be mostintense with the 3mg:kg and 10 mg- ke
w‘m-lh
doscs of morphine (Figs. 2 and 3). but Wwas present with
all doses tested. In addition, this burste pause activity
pattern vceurred with some regularity. Observations ol

~ discharge frequency plots and autocorrelation analysis



revealed that bursts and pauses moactvgy tended 1o
veeur with a pertod of between 13 and 335 s (Fig 31 dn
contrist to the amphitudes of fuctuations inactiviy, this
pertodiany of uctuations appeared to be approximately
the samie tor ditferept doses of morphine.

Phe burst-patse actaty pattern of LC neurons alter
morpinne was dosely relited to abrupt chianges inappar-
ent behavioral state and activity. Behavioral state was
cutegorized using distinet patterns ol eve movement ob-
served on the ocular video momitor, as tollows: apparent
sedation or inattentiveness was scored for epochs of tixed
or stowly dntting gaze. while apparently increased alert-
ness and attentiveness was scored tor periods ot phasic
eve movements and visual exploriation. As noted above,
atter morphine the animal exhibited vanous degrees of
episodic sedation. dependent upon the dose adnmums-
tered. We noted that all LC neurons recorded atier mor-
phine consistently exhibited an activaty burst with toften
i advance on abruptly increased alertness. and a pause
m o discharee with sedation or inattenuiveness. This rela-
tuonship was most apparent with high doses ot morphine:
when the ammal closed s eves. LC neurons were mae-
e tgencrating the pauses in activity ), but became actine

“ttin when the monkey opened his eves and evplored his
environment (vicldmg the bursts inactivaty 1 With lower
morphime doses. the same relationship was observed be-
tween discharee and behasvior exeept that eyve closure did

not occur  Instead. the monkey penodically attanned o

faed or slowh dntung gasze which was consistently asso-
clated with LC inactinity . such periods usually Lasted 10
s Typrcally. the monkey then abrupthy resumed actine
ocular movement and evploration ot his cmw&nmcnl.
and this behavioral change was closely associated with a
burst of LC activity and continued tonic discharge.

The change<in LC discharge and behavior induced by
marphine persisted throughout the period.adurimg wiich
ndnrdual LC neurons were recorded tup 1o 4 by Thus,
there was no apparent recovery from acute morphine ef-
teets within the ume frame examined here.

T'he present results demonstrate that systemic mor-
phine in the awake monkey decreases tonie LC discharge
but simultancously imduces LC nearons 1o exhibit oseil-
Latory burst-pause activity with i pertod ot 153 35, Fur-
thermore, these discharge patterns of LC neurons were
closelv related 1o morphine-induced behaviors.  De-
creased discharye corresponded with apparent sedation

. or anattentiveness. while bursts of LC acuvity Were
closely associated with apparently increased arousal and
alertness. Thus. the pertodic oscilliitton of LC discharge
after morphine corresponded with periodic changes in
behavioral state.

The eflects of morphine were very similar for each LC
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neuron exammed. All cells exhibited decreased activity
after morphine. All doses of morphine also induced peri-
odically  osallatory  discharge of 1.C neurons.  with-
greater doses inducing apparently more intense fluctua-
tons in activity. Nonetheless., the peniod of these oscilla-
tons was surprisinghy wmiform (13 33 4) between doses
and neurons

The small number of eells, repeated imjections into the
same ammal. and the single monkey studied are limita-
tions of the present study, However, these limitations are
offset to some extent by the similarity among monkey
LC neurons studicd here and in previous reports (3. 8. 10,
15,16, 20.21)

Doses were separated by at least 5 d average = 20.5d)
10 minimize the possible development ol tolerance: this is
an important consideration as LC ncurons have been
found 1o exhibit protound tolerance to morphine with
frequent or continuous exposure [6. 13]. However, with.
the temporally sepirated mjections used here tolerance
to morphine wis not apparent in cither behavioral obser-
vations or cellular acuvity, Nonetheless. it will be impor-

_tant to confirm these results in additional subjects.

Another concern in the present study is the route of
administration employed. Morphine reaches the brain
more slowly by the intramuscular route employed than

‘when given intravenously, and previous work has shown

that the rate of drug access to brain is an important fac.
tor in determining behavioral effects [22]. In addition,
opiate abusers typically administer drugs intravenously.
However, morphinc given intramuscularly is not sub-
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of discharee averaged over the 10 s imerval preceding cach sprke Note that 1n addition 1o an overalt decrease in mean discharge with time, activit
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jected to Cfirst-pass’ liver metabolism. and ‘reaches the
brain substan:tally faster than after oral administration

{22): the monkey in our study typically began to show
clear behavioral signs of opiate intoxication within 2 min .



atanjection. Tt will be of interest 1o determine i resulis
ditfer compared 10 intravenous injections i tuture ~tud-
ws. )

The present results are consistent with but extend pre-
vious reports of oprate etlects on LC neurons. Studies in
vitro have clearly shown that opiates act at ¢ receptors 1o
directly inactivate LC neurons by hyperpolanization {3.
M1 Similarly, local application of oprates onto LC neu-
rons an vivo has consistently been found 1o potenthy de-
crease their spontancous discharge {1. 2. 3] as has tra-
ventricularly adminisiered morphine [31 33]. However.
effects of svstemic morphine on LC cells have ditYered for
studies 1n anesthetized ys. unanesthetized animals. Inves-
tigators have corsistently found that morphine given in-

rivenously to anastienzed rats rapidly and potently m-
hibis LC discharge {4, 16. 24, 31]. However. 1in waking
cats ntravenous morphine s reported 1o actinvate LC
neurons 1271 This diserepancy may indicate that a datter-
ent population of LU neurons was recorded in cat a spe-
cies whose neurocnemicatly heterogencous LC nucleus
makes identitication of noradrenergic neurons uneertan
In addition. cats tepically exhibit a diferent behavioral
response to opuites than other species: oprates often acti-
vate rather than sedate these ammals {17, 29]. Such be-
havioral activation may give nise to higher LC activity. as
LC neurons are well-known to be ughtly linked with be-
havioral state 1in this maaner {7 9. 13, 16, 20. 28}. In-
deed. this would be consistent with the present resulty
showing u close association between morphine-induged
behaviors and oscillations in LC activity ,

The periodically osaillatory actinaty observed was un-
expected but pronounced after morphine. However, pre-
lmunary analysis indicates that siumddar oscilfations mans
also occur spontancously without morphine. though
much smaller in amphitude. This may be related to results
of simuar ultradian fuctuations in the EEG und behan-
1wt of monkeys previously reported [14]

The mechanism by which morphine induces these
changes 1n monkey LC acuvity 1s not known. However.
previous work in other species allows reasonable hypoth-
eses to be generated. One possibility s that the decrease
in tonic LC discharge is induced by the direct action of
morphine on LC ncurons. consistent with previous stud-
1wes described above. However, systemically administered
morphine 1n waking monkevs may also induce changes
in the activity of afferents to LC which may be responsi-
ble for the penodically osaillatory discharge observed.
We propose that morphine may potentiate a periodically
active excitatory afferent to the LC. cither by increasing
the activity or transmitter release of these afferent neu-
runs, or by altering the sensitivity of LC neurons to such
mputs. The presently observed effects of morphine may
then result from the superimposition of such potentiated
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Fig. 3. Discharge frequency plot for a typicat LC neuron betore and

e e,
atter ingection of morphine (3 mg ke, 1m . at arrow) Nowdicreased

arerage dicharge treguenes but increased luctuations in discharge
tate toilowing morptune Note abso that such luctuations appear 1o
ccuf somew hat regubativ. with 4 penod of about 20+ Inwet. autocorre-
anzram ol s cel's activits tor 30 sun. beimming 1O min aticr mor-
phine inection Nete osailatons activity with o period of abonat 208

phasic afferent activation of LC neurons and tonic direct
imhibition of these cells by morphine. The apparent cor-
relation of changing behavioral state with this osaillatory
discharge of LC cells. in view of our prehiminary results
for such peniodic LC activaty (ot much smaller ampli-
tude) in the undrugged animal and other findings of ul-
tradian fluctuations in EEG and state of waking mon-
kevs [14]. suggests that burst-pause luctuations in LC
discharge atter morphine may be partially responsible
for the corresponding Huctuations in behavioral state.
Sunlar peniodic changes in state occur in humans alter
opiate administration which appear as *the nods’. as &
person ‘nods” in and out of awareness of his surround-
ings.

The present results may indicate. theretore, that mor-
phine potently influences LC neurons not only by direct
actions at the membrane level. but also by actions upon
circuits atferent to LC neurons. These results point out
the importance of studving drug eflects at the system
level in intact ammals to fully appreciate the effects on
neural activity . These results also mdicate that alterents
to LC may he additional targets for pharniacologically
manipulating morphine eltects on LC discherge in clini-
cal treatment of.drug abuse.

We thank Dr. Yan Zhu for excellent hist slogical and
immunohistochemical processing. This wo:i: was sup-
ported by PHS Grant DA06213 and AFOS:- Grant 90-

0147. .
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morphinc suppresses the activity of locus cocruleus noradrenergic
ncurons in {recly moving cats, Neurosci. Lett., 86 (1:8R8) 334-339.
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